J Geod (2017) 91:767-781
DOI 10.1007/s00190-016-0990-x

@ CrossMark

ORIGINAL ARTICLE

The impacts of source structure on geodetic parameters
demonstrated by the radio source 3C371

Ming H. Xu!'? . Robert Heinkelmann? - James M. Anderson?® -
Julian Mora-Diaz> - Maria Karbon? . Harald Schuh?3 . Guang L. Wang!

Received: 29 April 2016 / Accepted: 19 December 2016 / Published online: 16 January 2017

© Springer-Verlag Berlin Heidelberg 2017

Abstract Closure quantities measured by very-long-
baseline interferometry (VLBI) observations are independent
of instrumental and propagation instabilities and antenna
gain factors, but are sensitive to source structure. A new
method is proposed to calculate a structure index based on the
median values of closure quantities rather than the brightness
distribution of a source. The results are comparable to struc-
ture indices based on imaging observations at other epochs
and demonstrate the flexibility of deriving structure indices
from exactly the same observations as used for geodetic anal-
ysis and without imaging analysis. A three-component model
for the structure of source 3C371 is developed by model-
fitting closure phases. It provides a real case of tracing how
the structure effect identified by closure phases in the same
observations as the delay observables affects the geodetic
analysis, and investigating which geodetic parameters are
corrupted to what extent by the structure effect. Using the
resulting structure correction based on the three-component
model of source 3C371, two solutions, with and without cor-
recting the structure effect, are made. With corrections, the
overall rms of this source is reduced by 1 ps, and the impacts
of the structure effect introduced by this single source are up
to 1.4 mm on station positions and up to 4.4 microarcseconds
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on Earth orientation parameters. This study is considered as
a starting point for handling the source structure effect on
geodetic VLBI from geodetic sessions themselves.
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1 Introduction

It is well known from astrophysical studies of imaging that
structures of geodetic radio sources are generally asymmet-
ric, time dependent, and frequency dependent (e.g., Charlot
1990a; Ojha et al. 2004, 2005; Piner 2007; Lister et al. 2009,
2013; Charlot 2010; Fomalont et al. 2011). The effects of
source structures in geodetic very-long-baseline interferom-
etry (VLBI) have been studied for decades (e.g., Campbell
et al. 1988; Charlot et al. 1988; Tang and Ronnéng 1988;
Ulvestad 1988; Charlot 1990b; Fey et al. 1996; Tornatore
and Charlot 2007; Shabala et al. 2015; Plank et al. 2016;
Xu et al. 2016), and, for instance, by studying a series
of ten Research and Development VLBI (RDV) sessions,
Sovers et al. (2002) concluded that the structure effects con-
tributed 8 ps—30 ps WRMS residual delay, and were the three
major contributors along with the instrumental and tropo-
spheric delays in geodetic VLBI. However, this effect is still
ignored as noise in routine geodetic VLBI data analysis so
far.

In order to reach the future goals of VGOS (Petra-
chenko et al. 2009), including 1 mm position accuracy, delay
errors from individual sources should also be below approx-
imately 1 mm / ¢ ~ 3 ps, implying that for a typical baseline
length of 8000 km for geodetic VLBI observations, the
astrometric positions of sources must be accurate to about
25 microarcseconds (pLas). The motions and brightness fluc-
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tuations of the radio components of the set of regularly
observed geodetic quasars are not known well, but worst-case
limits can be estimated from studies of other active galac-
tic nuclei source samples. Using the largest high-cadence
study of flat-spectrum radio quasars (MOJAVE; Lister et al.
2009), the most common jet speed is 200 pas yr~!, with
a maximum jet speed of 2500 pas yr—!, while Fomalont
et al. (2011) demonstrated that the jet speed of the geode-
tic source 0556 + 238 is about 100 pas yr—!. Such motions
would require source structure to typically be redetermined
8 times per year. Alternatively, brightness fluctuations, such
as flares in the jet core regions, can also affect the effec-
tive astrometric position of sources. Numerous long-term
(many years) single-dish monitoring programs show that
the rise times to double the total flux densities of sources
can be as small as a few months or even a few weeks
(see, for example, Aller et al. 1985; Lister et al. 2009;
Fuhrmann et al. 2014; Park and Trippe 2014; Max-Moerbeck
2016). For a simple structure model of two approximately
equal-brightness components separated by 500 pLas with one
component undergoing a flare, an astrometric centroid shift
of 25 pas results from just a 10% change in the total bright-
ness.

Clearly, source structure changes must be monitored on
timescales far shorter than a year in order to meet the future
VGOS goals, and we cannot expect that source structure can
be handled merely by selecting sources in VLBI observa-
tions based on structure indices that were in many cases
obtained from single-epoch observations and separated in
time from the geodetic observations by more than a decade.
Instead, geodetic VLBI should be able to determine source
structure properties from the same observations that are
being used to determine geodetic information. Therefore,
we propose a method that uses geodetic observations to
derive structure indices and study the impacts of structure
effects on those same observations. We use an individual
source in this paper as a demonstration case; in practice, all
sources with suitable observations can be analyzed using this
method.

2 Closure quantities

It is difficult to use group delay, fringe phase, and observed
amplitude to study structures of radio sources owing to
instabilities introduced by the atmosphere, independent local
oscillators, and varying antenna gains at each site. How-
ever, VLBI observations are baseline dependent, and for an
interferometer array with more than two stations there are
redundancies allowing the formation of closure quantities
that are independent of atmospheric effects, clock fluctua-
tions, and any station-based errors.
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2.1 Closure delay

We defined closure delay as the sum of the delays around
a closed triangle of baselines. Closure delay is a direct
and important criterion of how much the source structure
affects delay observables. It can also be used to determine
the measurement noise in geodetic VLBI observables and
thus indicate the precision level of delay observables. For a
detailed discussion about closure delay, please refer to Xu
et al. (2016).

2.2 Closure phase

Closure phase has been used by the astrophysical community
to make images of radio sources for decades (Rogers et al.
1974; Pearson and Readhead 1984, 1988). It is well known
that phase delays in VLBI observations are more accurate
than group delays, but due to the unresolved ambiguity issue,
phase in fact has not been used in geodetic VLBI. Closure
phase actually circumvents the ambiguity issue.

2.3 Closure amplitude

Amplitude is generally not calibrated in geodetic VLBI
observations, but closure amplitude, independent of the gain
of each individual station, is a good observable for the study
of source structure. With four stations, a, b, ¢, and d, it is
possible to form combinations of amplitudes that are inde-
pendent of the antenna’s gain factors by using

AabAcd

, (D
AacAbd

Aabcd =

where, for instance, Ay, is the observed amplitude on base-
line ab. These combinations are called closure amplitude
(Readhead et al. 1980). If all six interferometer baselines
formed by the four stations are correlated in one scan, three
closure amplitudes with different values can be obtained, for
example Aabed, Aabde, and Aadch, only two of which are inde-
pendent. For a comprehensive discussion about closure phase
and closure amplitude, please refer to Pearson and Readhead
(1984) and Thompson et al. (2007) and the references therein.

2.4 Calculations and data

The interpretation of closure quantities is very challenging,
as, unlike the visibility, the sky brightness distribution cannot
be obtained from them by a simple Fourier transform rela-
tionship. Moreover, knowledge of both the absolute strength
and the absolute position of the source is lost in these closure
quantities. However, closure quantities have the advantage of
showing the magnitudes of source structure effects without
the need for calibration or imaging. Source structure effects
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in geodetic VLBI data analysis have merely been considered
in terms of a structure index, so that point-like sources can
be selected and extended sources can be avoided in schedul-
ing of VLBI observations. However, for the 1 mm accuracy
goal of VGOS, such an approach is unlikely to be sufficient
as there are not enough sources with low structure indices
(<3) to cover the sky uniformly. For most geodetic sources,
the structure indices are single epoch and thus might not
represent the magnitudes of structure effects in observations
after several years. Therefore, it should be more effective and
illuminating to determine the magnitudes of structure effects
based on closure quantities from geodetic observations them-
selves.

To demonstrate this, we use the data from CONT14!
observations (Nothnagel 2015) at X band. CONT14, as a
campaign of continuous VLBI observations conducted by
the International VLBI Service for Geodesy and Astrometry
(IVS) over 15 days with 17 globally distributed stations, was
intended to acquire state-of-the-art VLBI data with the high-
est accuracy that the then existing VLBI system was capable
of. Since only 71 radio sources were observed in this cam-
paign, one can expect that most of these radio sources have
enough observations with good uv coverages to get mean-
ingful statistical information from closure quantities.

The specific equations that were used for the calculations
of closure quantities from geodetic VLBI observations are
shown in Appendix A. Closure quantities were calculated
based on these equations. Next, the median and the rms values
of the magnitudes of closure delays, closure phases, and clo-
sure amplitude logarithms were determined for each source.
Due to the sensitivity of rms value to outliers with large mag-
nitudes, rms values were derived in an iterative way: Closure
quantities with magnitudes 5 times larger than the rms were
identified as outliers until no outliers remained. For most
radio sources, only a few percent of the closure quantities
were excluded in this procedure. The statistics for the 65
radio sources that have more than 30 closure relations in
CONT 14 observations are presented in Table 1.

3 Structure index

Structure index (Fey and Charlot 1997, 2000) plays an impor-
tant role in geodetic/astrometric VLBI as an indicator of
the magnitude of the structure effect for each source: (1)
extended sources can be avoided and compact sources can
be selected in VLBI observations; (2) one of the criteria for
selecting defining sources in ICRF?2 is that they had structure
indices smaller than 3 (Fey et al. 2015); (3) sources with high
astrometric quality can be selected as candidate sources for
aligning optical and radio catalogs (e.g., Bourda et al. 2008,

! http://ivsce.gsfc.nasa.gov/program/cont14/.

2011; Le Bail et al. 2016). Structure index can be calculated
from closure delays based on observations if the thresholds
for closure delays rﬁ‘osure are related to the thresholds for cal-
culated structure corrections in delay observables r(tlglay that
were used by Fey and Charlot (1997) to calculate structure

index. The relation between these two thresholds is,

th _ 2 th 2
Telosure = ﬁm, )

where Tpoise 1S the median value of measurement noises.
The rms of closure delays for 0727-115, which has mini-
mal source structure and shows no closure structure with
baseline orientation (see, Xu etal. 2016), was 8 ps, which sug-
gests that the measurement noise of individual group delays
is below 4.8 ps (8 ps/+/3). According to the relative relation-
ship between rms and median values, the median value of the
measurement noise was set to be 2.8 ps. Furthermore, note
that changing this value to around 5 ps does not change clas-
sifying the structure indices between 2 and 3 or 3 and 4—it
only affects distinguishing a structure index of 1 from 2. In
order to facilitate comparison to the Bordeaux VLBI image
database? (BVID), which unfortunately only contains inte-
ger structure indices near in time to the CONT14 sessions,
we define an integer closure delay structure index as follows.
Using the same thresholds of structure delays for classifying
structure groups in Fey and Charlot (1997), and assuming
Thoise = 2.8 ps, the structure index (SI) can also be calculated
from the median value of closure delays by,

1, if O ps = |Tclosure|med < T.1ps,
2,if7.1ps < |Tclosure|™ < 18.0 ps,

SI = . med 3)
3,1if 18.0 ps < |Tclosurel < 52.2 ps,
4,if52.2 ps < |Tclosure|™¢ < o0.

We further define a continuous closure structure index that
closely approximates Eq. 3 of an integer structure index as:

| Telosure |med

SI=ln————. “
1 ps

This equation is for closure delays, and a complete set of
equations for the three kinds of closure quantities are pre-
sented in Appendix B.

Integer structure indices for the 65 radio sources were
derived according to Eq. 3 and shown in column 11 of Table 1
labeled as closure delay (CD1), while the continuous struc-
ture indices calculated from Eq. 4 based on closure delays
are shown in the last column referred to as CD2. For com-
parison, the most recent structure indices at X band from the
BVID, which unfortunately are integer, are presented in col-
umn 10. The BVID structure indices are in the time range

2 http://www.obs.u-bordeaux1.fr/BVID/.
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Fig. 1 Distribution of continuous structure indices of 64 radio sources.
Each color represents one group of structure index in the BVID and each
group is shown independently

of April 2004 to July 2013 with an average of 2011, about
three years earlier than CONT14 observations. There is one
source, 0637—752, that is not found in the BVID and it was
identified to have structure index of 3 at X band from clo-
sure delays. Structure indices of 14 radio sources were found
to have increased, either from 1 to 2 (3 sources) or 2 to 3
(11 sources), and those of 13 radio sources have decreased,
from 3 to 2 (10 sources), 2 to 1 (2 sources), or 4 to 3 (1
source), while the remaining 37 radio sources have the same
structure indices. The most frequent changes between our
identified structure indices and those from the BVID are the
transitions between structure indices of 2 and 3. The distri-
bution of continuous structure indices are presented in Fig. 1.
The rms of the differences between the continuous structure
indices from closure delays and those from the BVID is 0.61.

Median absolute values of the three closure quantities
as a function of the longest projected baseline length in
the triangle or in the quadrangle are shown for 54 radio
sources in Fig. 2. The natural logarithms of closure ampli-
tudes for source 07384313 deviate considerably from zero
even for very small quadrangles, which means that it has
a strong structure with a quite large spatial scale. Almost
all other radio sources have a common pattern in their plots
that median absolute values of closure quantities start with
small values and increase when the projected baseline lengths
become larger. Variations of the three closure quantities agree
well with each other.

These plots graphically demonstrate the median absolute
closure quantities from Table 1 that were used to calculate the
structure indices, and also illustrate that the amount of source
structure effects depends on baseline length. For example,
source 0642 + 449 shows very little structure effect in the
three closure quantities for short baselines but has very sig-
nificant effects when the projected baselines are larger than

@ Springer

about 8000 km. This shows that it is strongly resolved on
small spatial scales, which may be arecent development since
it was selected as a defining source in ICRF2 and has a struc-
ture index of 2 in BVID. In this case, rms values of closure
quantities represent the magnitude of structure effect much
better than median values. On the other hand, the median
values for source 0016 + 731 are very small and have a
flat pattern, and only slightly increase when the projected
baseline lengths are larger than 11,000km; it is classified
as having structure index of 1 based on closure delays. It
is worth noting that the median values of the three closure
quantities in general are much smaller than the rms values.
So-called good sources with a structure index of 2 still tend to
have quite significant rms closure delays. Also, the structure
indices of “good” and “‘extended” sources depend strongly on
the date of observation, with 36% of “good” and “extended”
sources changing structure index between the BVID and the
CONT14 sessions.

4 Investigating impacts of source structure effect

The results presented in Table 1 suggest that the source 3C371
is a good candidate for the preliminary study of impacts
of structure effect because: (1) it has tens of thousand clo-
sure quantities in CONT14 and a structure index of 3; (2)the
median values of its closure quantities are large even when the
projected baseline lengths are small so that many observables
are affected by structure; and (3) compared to the structure
effects of some extended sources, such as 0014+813 and
0738+313, the structure effects of 3C371 are not so strong
such that observables with significant structure effects would
be excluded as outliers during VLBI data analysis. From
Fig. 2, we also notice that 3C371 is a good representative of
the radio sources in CONT14 in the sense of the magnitude
of source structure effects.

4.1 Structure model for 3C371

The structure of source 3C371 was assumed to have multi-
ple point components and was determined by model-fitting
of closure phases directly instead of the traditional Fourier
imaging. The method of forward modeling was developed to
determine the multi-component structure: (1) closure phases
of small triangles with longest baseline lengths shorter than a
certain value, such as 2000 km, are used to determine the rel-
ative position and the flux density ratio of two components
based on the model of structure phase in Charlot (1990b);
(2) closure phases of triangles with larger baseline lengths
are gradually added and used to test the obtained multi-
component model by the previous step until a significant
mismatch between modeled closure phases and observed
closure phases occurs; (3) another component is proposed
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Table 2 Structure model of 3C371 determined by model-fitting from
closure phases

Component k r (mas) P A (deg.)

1 1 0 0
2 0.302 £ 0.007 0.504 £+ 0.052 257.0+£3.2
3 0.235 £ 0.010 1.001 £ 0.058 261.3 +£4.5

The first component with the peak intensity was set to be the reference
point. The flux density ratios k and the relative offsets r are with respect
to the reference point. P A is the position angle of the vector of the com-
ponent and the reference point, measured in the sky counterclockwise
with respect to the north

and fitted from closure phases and then the second step is
repeated; and (4) fitting continues until the closure phases of
triangles with the longest baseline length are exploited. In
the whole procedure, the identified components are kept and
only one new component will be proposed to add in at one
time.

If one does not have any a priori information about the
structure of a source, different a priori values for the two-
component model may need to be tested. In general, however,
the changing pattern of closure phases of triangles with the
same three stations over 24-hours of GMST should give use-
ful insight for that.

Based on this method, a three-component model was
determined for the source 3C371. The result is presented
in Table 2 and shows that this source is extended in one
direction with a position angle of about 260°. From publicly
available maps of 3C371 in Feb. 2014 and Sep. 2015,3 we
find a good agreement in the position offset and direction
of extended structure between our modeling and imaging
results. To make a direct modeling to imaging comparison,
we have imaged the CONT14 sessions’ visibility data for
3C371, shown in Fig. 3. Our image shows a core with a one-
sided jet extending about 6 mas from the core along a position
angle of about 260°. No significant structure is visible farther
than 6 mas from the core, in contrast to the VLBA imaging
results mentioned directly above. However, the IVS CONT14
observations have longer baselines, more observations with
long baselines, and fewer short-VLBI baselines, than obser-
vations provided by the VLBA, so it is not surprising that our
imaging results show no emission at large separations from
the core, where the emission is expected to be more extended
and therefore resolved out. The details of imaging based on
geodetic VLBI sessions and a detailed comparison between
the images from geodetic sessions and VLBA sessions will
be presented in our future publication (Anderson et al., in
prep.).

Figure 4 shows observed closure phases in magenta dots,
modeled closure phases from the proposed analysis in blue

3 http://astrogeo.org/vlbi_images/.
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Fig. 3 Image of 3C371 based on the visibility data from CONT14
sessions using natural weighting. The extended direction from our pro-
posed method using closure phases agrees well with the imaging result

dots, and closure phases from imaging results in green dots
for two triangles as a function of GMST. The rms of closure
phases was reduced from 27.9° to 12.5° using the three-
component model. As we can see, the results from imaging
have only a slightly better agreement with the observed clo-
sure phases and delays, and the model based on closure
quantities does give results close to what full imaging gives.

The three-component model then was used to calculate
the structure corrections for delay observables at X band and
the effect at S band was ignored. By applying this struc-
ture model to group delays, the rms of closure delays of
3C371 was reduced from 46.6 to 36.4 ps. Figure 5 shows
observed closure delays, modeled closure delays from the
three-component model, and closure phases from imaging for
the same two triangles in Fig. 4. Modeled closure delays gen-
erally have the same pattern as that in observations, however,
the scatter in the variations of closure delays is much larger
than that in closure phases, and the structure delays from
the structure models cannot exactly follow the variations in
observed closure delays. The improvement in closure phases
after modeling the source structure effects is 55%, while that
in closure delays is only 22%. This shows the expected result
that the observed phases are more accurate than the observed
delays and provide better modeling constraints.
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Fig. 4 Comparison between closure phases from the three-component
model (blue), the imaging result (green), and the observations (magenta)
for two closure triangles

The theoretical delay software CALC11 was modified to
be capable of correcting the structure effect. The theoretical
delays for all observations in CONT14 were recalculated to
generate new databases. Two solutions were then made based
on the new databases and the original databases.

4.2 Impacts of source structure effect

A detailed comparison of results obtained from the two sets
of databases was made to investigate the impacts of structure
effect introduced by one single radio source, 3C371. In total,
there are about 254,000 observations. The overall rms and
Chi-square for the solution of the original IVS databases were
26.65 ps and 0.832, respectively, while those for the new
databases are 26.61 ps and 0.830. Comparisons of residual
rms for 3C371 over 15 sessions are presented in Table 3.
About 12000 observables of 3C371 were included in the
data analysis. The overall rms for this source was reduced
from 26 to 25ps, and the Chi-square was decreased from
0.863 to 0.835.

The baseline repeatability for most of baselines was
improved in a range up to 0.04 mm. The comparison for the
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Fig. 5 Comparison between closure delays from the three-component
model (blue), the imaging result (green), and the observations (magenta)
for two closure triangles

Table 3 Comparison of residual delay rms for source 3C371

SESSION No. of obs. rms from new rms from IVS
used/usable databases (ps) databases (ps)
14MAY06XA 1141/1161 25.4 26.1
14MAYO07XA  868/878 24.7 25.5
14MAYO08XA  950/964 25.3 26.3
14MAY09XA  627/650 24.8 26.1
14MAY10XA  812/827 26.0 26.5
14MAY11XA  678/684 25.5 26.4
14MAY12XA  660/681 28.2 29.0
14MAY13XA  704/712 26.3 27.3
14MAY14XA  827/843 27.3 28.2
14MAY15XA  709/720 24.8 25.5
14MAY16XA  787/827 24.7 25.5
14MAY17XA  682/702 23.1 24.2
14MAY18XA  764/796 23.2 24.1
14MAY19XA  549/556 244 254
14MAY20XA  861/902 22.1 22.8

The second column shows the numbers of used observables in the data
analysis and the numbers of usable observables in the databases. Two
solutions are based on exactly the same ensemble of observables
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Table 4 Comparision of the rms of time series of baseline lengths over
15 days for all baselines of YARRA12M. (Unit: mm)

BASELINE rms of baseline length
New databases IVS databases

KATHI12M-YARRA12M 3.12 3.12
HOBART12-YARRA12M 3.55 3.55
HOBART26-YARRA12M 3.56 3.55
WARKI12M-YARRA12M 3.82 3.82
TSUKUB32-YARRA12M 5.57 5.57
HART15M-YARRA12M 8.61 8.62
BADARY-YARRA12M 3.54 3.55
KOKEE-YARRA12M 4.19 4.20
YARRA12M-ZELENCHK 3.64 3.66
MATERA-YARRA12M 3.90 3.94
WETTZELL-YARRA12M 3.90 391
NYALES20-YARRA12M 4.01 4.03
ONSALAG60-YARRA12M 3.94 3.96
YARRA12M-YEBES40M 4.01 4.02

baselines related to YARRA12M is shown in Table 4 as an
example.

The differences between results of polar motion and nuta-
tion/precession parameters from the two datasets over 15
days were at the level of microarcseconds with a maximum
of 4.4 microarcseconds, and those for UT1 were below 0.1
microsecond. The coordinates of stations WESTFORD and
ZELENCHK have the biggest differences, about 1.4 mm in
the U direction, while the rest of the stations have agreement
in three coordinates at the level of 0.2 mm.

The direction of source 3C371 was estimated as a global
parameter to be (18" 06™ 505680675, +69° 49’ 287108 484)
from the IVS databases and to be (18" 06™ 505680 664, +69°
49’ 287108472) from the new databases. The difference is
165 microarcseconds in right ascension and 12 microarc-
seconds in declination. This difference should be due to
the reference point used for the calculation of the structure
effect, which is the peak intensity of the brightness distri-
bution in the study. Another pair of solutions, in which the
position of source 3C371 was fit as session-wise parame-
ter, were made to get the time series of source’s position.
The results are presented in Fig. 6. The main difference is
a constant offset in right ascension, which can be removed
by choosing an appropriate reference point for calculating
the structure delay corrections. The variation in the source’s
position remains at the level of a few hundred microarcsec-
onds, which suggests that the modeled structure effect for
this source in bandwidth synthesis and ionospheric effect free
delay observables does not perform as well as that for phases.
The differences in the positions of the remaining sources are
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Fig. 6 Comparison of estimated position corrections of source 3C371
to its ICRF2 position with its structure effect corrected or not. The
circles represent the time series from the original IVS databases, while
the triangles represent that from the new databases with the aim of
correcting the structure effect

about 3 microarcseconds or below that for global sources and
up to 10 microarcseconds for session-wise sources.

5 Discussion and conclusion

The source structure effects in CONT14 observations were
studied in terms of closure delays, closure phases, and clo-
sure amplitudes. A method of deriving structure index based
on closure quantities was proposed, and structure indices
for 65 radio sources with at least 30 closure triangles were
obtained according to this method. This result is comparable
to structure indices from the BVID and the closure quanti-
ties in principle capture important information about source
structure. The equations of closure delay structure indices
are derived from exactly the same thresholds of structure
delays as that were used by Fey and Charlot (1997). This
allows our closure delay structure indices to hold the same
meaning of structure index as its original definition. There
are, however, two main differences between the structure
indices from these two methods: (1) because our closure
delay structure indices are derived from actual observables
and the BVID structure indices are from theoretical predic-
tions of only structure delay based on images, our closure
delay structure indices have to take the measurement noise
into account, while this is not the case for the BVID structure
indices; (2) our closure delay structure indices are deter-
mined from the actual (#, v) coordinates sampled in a session,
whereas the structure indices of Fey and Charlot (1997) are
calculated from a grid sampling all possible ground-based
VLBI (u, v) coordinates. Further investigations, based on
the same datasets of the structure indices from the BVID,
of our method and of the influence of the different observ-
ing networks are definitely needed. Therefore, the structure
indices for geodetic sources can be regularly updated without
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making images, for instance, from all the VLBA and VLBA
plus global VLBI stations sessions, IVS terrestrial reference
frame sessions, and even from IVS R1 and R4 sessions for
a fraction of radio sources. Structure index is conservatively
defined by the median absolute value of structure effect cor-
rections, although the median values of closure quantities are
in general significantly smaller than their rms values. The
structure effects in geodetic VLBI may have been underesti-
mated. According to our study the rms values are better than
the median values in terms of demonstrating the magnitude
of structure effect.

Source 3C371 was selected as a starting point for the study
of impacts of structure effect on geodetic VLBI data analysis.
A three-component model of the structure of 3C371, derived
by model-fitting from closure phases, was used to correct
its structure delay. The structure model derived from phases
does not fit with the delay observables as well as the phase
observables. The results show the impacts of structure effect
by this individual source on EOPs is up to about 4.4 microarc-
seconds and on station’s position in some cases are beyond
I'mm. The estimated source position is strongly dependent
on the reference point of the structure model.

Even though this preliminary study of the structure effects
for an individual source can be limited to summarizing the
significance of correcting for the structure effect, there are
at least three conclusions that can be made. First, although
source structure effects may be averaged out to some extent
when solving for geodetic parameters, in particularly for an
individual source in this study, they are crucial for determin-
ing the position of each individual source. Without correcting
the source structure effects, a source position determined
from geodetic observations does not have a clear refer-
ence point, neither the location of the peak intensity nor
the center of the brightness, because the estimated source
position strongly depends on the specific baseline geome-
tries of observations. But with the effects corrected, we can
explicitly say where the determined source position is located
with respect to the source structure. For instance, we can say
that the reported source position in the case of 3C371 after
correcting these effects is the location of the peak intensity
identified from our method. If we use a map of a source
to correct the effects, then we can provide the location of
the reference point for the estimated source position in the
map. Since the difference between the positions with and
without correcting structure effects is at the level of sub-
milliarcseconds, and larger differences can be expected for
some sources, this is very important for high-accuracy rela-
tive astrometry. In addition, with the possibility of identifying
the cores of sources, we can realize a more stable celestial
reference frame. Second, the impact on station position in
some cases is already beyond 1 mm. Third, the residual rms
for source 3C371 was reduced by 1 ps. This is significant,
even though there is still room for the improvement of the

structure model. From our study, an improvement in geodetic
VLBI data analysis of, at least, the picosecond level can be
expected after a complete consideration of structure effects.

This study demonstrates the preliminary results of struc-
ture effect. Only 10% of radio sources have a structure index
of 1 in CONT14. Sources with a structure index of 2, the
majority in geodetic VLBI observations, actually have rms
closure delay at the level of 30 ps, which significantly con-
tribute to the total residual rms of VLBI data analysis. A
rigorous and consistent method of handling the source struc-
ture is to correct the structure phases, based on the brightness
distribution obtained from that epoch, for the raw phases in
all channels used in the recording system during the post-
processing procedure and then redetermine multi-band group
delays and ionosphere corrections.
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6 Specification for the calculations of closure
quantities

To the accuracy of the second order in delay, the closure delay
Tabe (2) at reference epoch ¢ for three stations a, b, and c, is
calculated from geodetic VLBI observations* by

Tabe (1) = Tab (1) + Toc (1) — Tac(?)

1
+ |:i'bc(t)' T (1) + E'fbc(t)- féb(t)z} ; &)

where, for instance, Ty, is the group delay observable from
station a to station b, and tp is the group delay observable
from station b to station ¢, for the same wavefront received
by three stations. A prime on a delay symbol indicates that
the term refers only to the geometric delay without depen-
dence on station clock offset, and a superposed dot and double
superposed dots denote differentiation with respect to time
once and twice, respectively. The definition and model of
closure delay was discussed in detail by Xu et al. (2016). By
convention in geodetic VLBI measurements, the time tag of
a VLBI observable is referred to the epoch when the wave-
front passes the first station in the baseline. In order to have

4 For astronomical observations that reference all observables for a scan
to the same wavefront, the model of closure delay has the simpler form
Tabe (1) = Tap (£) + Toc(£) — Tac(?).
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the three delay observables in the closure refer to the same
wavefront, there are the corrections in the brackets of Eq. 5
to the group delay for the second baseline in the triangle.

Similar to closure delay, closure phase can be calculated
from geodetic VLBI observations® by using

Pabe (1) = Pap (1) + Poc (1) — ¢ac (1)
+ |:i'bc(t)' T () + %fbc(t)' T;b(t)z} 27y, (6)

where, for instance, ¢,y is fringe phase observable on base-
line ab and v is the reference frequency. We should be aware
that 7, 7, and 7 in Eq. 6 are phase delay and the derivatives
of phase delay, and are different from the group delay terms
in Eq. 5.

For closure amplitude, in order to have closure amplitude
quantities be zero for point-like sources, such as closure delay
and closure phase, we calculate the absolute value of natural
logarithm of the closure amplitude by

Camp = | In(Aaped)|- @)
7 Equations for determining structure index from
closure quantities

Continuous structure index from closure quantities is defined
as follows:

| Telosure |med

Slclo—dela = In 1—ps7 (®)
_ | Pclosure | med

Slclo—phas = 0.77 In W + 1.26, and &)

Slclo—amp = 2.67 |In Aclosurelmed + 2.14. (10)

The form of Eq. 8 was selected to match the integer steps
of Eq. 3, not to match the continuous structure index of Fey
and Charlot (1997). A least square fit was performed based
on the CONT 14 observations to determine the coefficiencies
in Eqs. 9 and 10, by matching the closure phase and closure
amplitude structure indices as well as possible to the closure
delay structure indices. Generalized, exact forms of these
equations for their applications to other observations need to
be investigated carefully.
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