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Abstract

Baseline lengths and their time-derivatives among 58 geodetic VLBI stations were fitted by using 4439 observing sessions from the
International VLBI Service for Geodesy and Astrometry (IVS). First, the velocities of eight stations in Eurasian continent were set as
unknown quantities. Then, two standard global solutions from 3523 IVS sessions and 1110 sessions from database code XA, respectively,
were applied prior to all-station coordinates and the non-estimated station velocities. Finally, from the relations among the coordinates,
velocities, baseline length and its time-derivative, two types of baseline post-adjustment (BPA) were used to estimate the velocities of the
eight stations. We discuss the data processing details, including the effect of different prior values for the stations and the optimal
solution.

The results suggest that the precision of the station velocities based on the proposed approach is comparable to that of the global
solution of the XA sessions. The baseline structure and the prior values of the stations affect the velocity estimates. Compared to the
standard method of velocity estimation, there are no external constrains and conditions used in the proposed method.
© 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.
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Geodetic Very Long Baseline Interferometry (VLBI) is
an effective method for building terrestrial reference frames
(TRFs) and studying crustal movements of the Earth. In
standard large-scale geodetic data processing for estimat-
ing the station velocity, No-net-transform and No-net-
rotation (NNT/NNR) conditions are typically used. A set
of stations is defined as a datum, and the coordinates
and velocities are bound to a TRF to overcome the rank
deficiency of the normal matrix, which is caused by the lack
of origin positioning and direction orientation in the sta-
tions, when we stack the normal matrices after the single
session solution, e.g. ITRF (Altamimi et al., 2011) and
VTRF (Bockmann et al., 2010). The neglected loading
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corrections are absorbed by the NNT/NNR conditions
(Schuh and Bohm, 2012) in such a restricted parameter
adjustment. However, these theoretical assumptions could
influence the estimated station coordinates, as reported in
Kutterer (2004) and Heinkelmann et al. (2006, 2007).
Moreover, it is time consuming to perform the datum test.
As a product of geodetic VLBI, the baseline length is
most precisely determined from VLBI data, e.g. Ma et al.
(1994). Baseline models are less prone to common system-
atic effects and consequently simpler than large-scale solu-
tions (Iz and Archinal, 2000). However, baselines find
limited use as estimators of the precision of observations,
e.g. Titov (2009), or indicators of geodynamic processes,
e.g. Herring et al. (1986), Kondo et al. (1998) and Iz
(2006). Clearly, it is necessary to develop velocity models
to avoid the above-mentioned problems. Moreover, the
advantages of the baselines need to be considered.
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We used a simple geometry that links the baseline infor-
mation with the positions and velocities of the stations.
Giunchi et al. (1997) calculated the theoretical baseline
length time-derivative via the geometry by considering
the horizontal velocity on a flat Earth and examined the
potential influence of the lateral variations in viscosity
upon the observed length component of European VLBI
baselines. Yang et al. (2001) picked out eight intra- and
intercontinental baselines (precision is £2 mm/yr) and
obtained the velocity of the VLBI station Seshan in Shang-
hai by considering a geometry similar to that given by
Giunchi et al. (1997). However, there are deficiencies in
their work, such as inconsistent TRF for the baselines
and velocities as well as the bad distribution of the sur-
rounding common observing stations.

In this study, we named the method for estimating the
station velocity based on geometry as baseline post-adjust-
ment (BPA). Velocities of eight stations located in the Eur-
asian continent are the samples. The benefits and
limitations of the method are discussed. The proposed
BPA method is presented in Section 1. The results and
the error analysis are discussed in Section 2, and conclud-
ing remarks are summarized in Section 3.

1. The BPA approach
1.1. Equations

We propose Eq. (1) to estimate the site velocities of
VLBI stations by using weighted-least-squares (WLS) as
follows:

ByBiy = (rj — 1) - (i — i),
py=1/(Bjo; +Bjoy),

ij” By

(1)

where B;; and By are the baseline length and its time-deriv-
ative between station i and j, respectively, and op; and o
are the corresponding uncertainties. r; and r; are the initial
values of the three-dimensional geocentric position vectors
for two stations at both ends of the baseline. i; and #; are
the three-dimensional geocentric velocity vectors of the
two stations, respectively, and p,; is the weight deduced
from the baseline length and its time-derivative.

In Eq. (1), #; and #; are treated as unknown. They were
sequentially estimated by fixing each one of them (type I:
individual estimation) and solved all at once (type II: com-
bined estimation). See the appendix for details.

Moreover, as shown by the weight p;; from the law of
error propagation, the uncertainties of the estimated veloc-
ities are determined only by the errors of the baseline
lengths and their time-derivatives.

1.2. Steps for processing with BPA

The velocities of the eight stations in Eurasian continent
are set as unknown quantities at first, see Fig. 1. Then, two
kinds of standard global solutions are applied prior to all
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Fig. 1. All 58 stations (dots) including the eight stations (blue dots) with
unknown velocities. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

station coordinates and the non-estimated station veloci-
ties. Finally, with Eq. (1), baseline post-adjustment is used
to estimate the velocities of the eight stations.

Fig. 2 shows the four models: single solution, global
solution, baseline fitting, and the BPA. The accuracy and
precision of each model can be evaluated by its correspond-
ing 2 and WRMS! after fitting, respectively.

Initially, 4439 International VLBI Service (IVS) (Schuh
and Behrend, 2012) sessions, which cover more than 8 h of
observations and 33 years (1980-2012), are solved using the
Vienna VLBI Software (VieVS) (Bohm et al., 2009). The
baseline information including baseline length, its time-
derivative and corresponding errors are extracted from
the single solution. Considering the baselines linked to
the estimated stations, we increased the number of base-
lines that satisfies the following baseline exclusion criteria:

e Offsets of baseline points that are five times greater than
the mean deviation (formal error) are considered as out-
liers and are excluded after removing their long-term
variation effects.

e A baseline is excluded when the number of baseline
observations for a single baseline is less than five.

Baseline information including the baseline length at
epoch J2000.0 and its time-derivative as well as their corre-
sponding uncertainties were acquired by WLS fitting. In
addition, single solutions with y less than two were used
in the global solutions. Two global solutions give the
known values for the BPA. The first global solution is

! In this study, y? is defined as y* = (Z}’:lé? / af) /f, which can be used
to scale the variances of estimates when 32 is greater than unity (Herring
et al., 1986). Here n is the number of observations for the specific model, ¢
is the residual from the model fit by WLS, ¢ is the standard deviation
of the observation and f is the number of degrees of freedom. The
weighted root-mean-square (WRMS) is defined as WRMS =

(Ssre) ()]
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Fig. 2. Flowchart for the two types of BPA solution (blocks in gray
denote the applied model).
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based on 3524 IVS sessions, which meet the y* requirement
and is denoted as G 1. The second global solution is based
on 1110 sessions with database code (DBC) XA and is
denoted as G II. Many papers, e.g. Titov (2002) and
Malkin (2009, 2013) indicate that the precision and accu-
racy of the Earth Orientation Parameters (EOPs) are
dependent on factors related to the number of stations, net-
work geometry, and registration mode. Meanwhile, the
EOPs provide a link between the celestial reference frame
and the TRF. Hence, the above factors which can be distin-
guished by different DBC types to a certain extent also
affect the solution of the position and velocity of stations,
e.g. Titov and Tregoning (2005). Because the XA sessions
are of the longest span and widest distribution of stations
among all DBC types of sessions in general, and the solu-
tion (G I) after consolidation of different VLBI networks
is probably unsuitable for BPA, 1110 XA sessions were
solved as the second global solution (G II) and compared
with G L

Finally, two BPA type II solutions (combined estima-
tions) were estimated by applying the G I and G II as prior
values, respectively, and compared with the BPA type I
solution (individual estimation), which was estimated by
applying G I as a prior value.

2. Results and discussion

To cope with the possible TRF rotation caused by the
integration of multiple technologies, VIRF (Bockmann
et al., 2010) is taken as the priori terrestrial reference frame.
We found that for the UT1 estimate after the single solu-
tion based on the XA sessions, the VTRF standard devia-
tion of the IERS C04 series is about 0.5 pus in contrast to
3.8 us of ITRF2008 (Altamimi et al., 2011), and this differ-
ence could give rise to the possible rotation of TRF.

All estimates of each global solution G I or G II, which
is based on different number of sessions, are carefully
examined to minimize the correlation among them.

As shown in Table 1, the precision of the velocity
extracted from G I is obviously higher than that from G
IT because of the larger amount of observation sessions in
G 1. However, the y? of the BPA type II solutions can reach
up to 38.4 with G I as a prior value, whereas it is only 3.6
with G II as a prior value. Thus, the BPA solution of G I is
not considered in this study. This shows that the known
values for the G II stations are better suited to the pro-
posed BPA model than the values for G I. The XA sessions
include the majority of the observations for most of the sta-
tions. Therefore, the baseline information is dominated by
the XA sessions. Moreover, sessions with other database
codes could generate different results for different observa-
tion networks. The following discussion is mainly based on
the solution with G II as a prior value.

Two types of BPA solution listed in Table 1 are solved
based on the G II as a prior value. The uncertainties of
G II and the two corresponding BPA solutions are compa-
rable. Moreover, the BPA type II solution is more stable
than type I because the y* of type Il is very close to the
mean of type L.

2.1. Baseline uncertainty

The baseline precision depends on its length. Because of
the shorter the baseline, there is broader common sky con-
taining more common sources that are scanned by the two
stations of baseline. Hence, more low elevation observa-
tions can be well sampled to reduce the impact of tropo-
spheric asymmetry. In addition, the antenna slew rate at
the source is also critical to the baseline precision (Titov,
2009). To evaluate precision, the number of times VLBI
participates also contributes to the baseline precision. Sta-
tions set up for astrometry and space exploration (e.g. Uru-
mqi) devote limited time to geodetic observations; thus, the
velocity uncertainties for these stations will be high. In the
VLBI observations, systematic instrument errors and unac-
counted atmospheric and earthquake errors add to the
uncertainties.

Theoretically, there are 428 baselines linked to the eight
stations among 58 stations (Fig. 1). However, restricted by
the arrangements in observational schedules and the base-
line exclusion criteria, only 224 baselines can be used for
the type II BPA. The average uncertainties of the baseline
length at J2000.0 and of the length time-derivative are
+29.2 mm and 43.5 mm/yr, respectively.

2.2. Optimal BPA solution

When we increase the threshold of 2, denoted as T,
for a priori baseline refinement, more baselines will be
included in the BPA. Consequently, the baseline distribu-
tion is more stable and the precision of the BPA solution
increases. Moreover, baselines that cannot be well modeled
will lower the precision of the BPA solution, implying that
there must be an optimal 7', for excluding bad baselines.
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Table 1
The topocentric velocity solutions from the global solutions and the two different BPA types based on G II for the eight stations with respect to the
geocenter.
Station name G I (mm/yr) G II (mm/yr) Type I (mm/yr) Type 1 4 Type 11 3>=3.6
Medicina E 21.1 £ 0.0 20.8 +0.3 20.6 +£ 0.2 3.7 20.7 £ 0.1
N 16.2 £ 0.0 144 +£0.2 145+ 0.2 145+ 0.2
U —-1.0 £ 0.1 0.5+0.3 1.0 £0.2 08 +£0.2
Matera E 22.1 +0.0 21.6 +£0.3 21.6 +£0.2 8.1 21.7 £ 0.1
N 17.6 £ 0.0 158 £0.2 158 £0.2 158 £0.2
U 0.9 +£0.1 25+03 25402 2.6 4+0.2
Noto E 20.0 £ 0.1 19.4 £ 0.3 19.0 £ 0.6 7.3 19.0 £ 0.4
N 18.3 £ 0.0 16.7 £ 0.2 16.6 + 1.0 16.8 + 0.7
U 0.5+0.2 22404 29+ 1.1 32+0.8
Crimea E 23.0 + 0.1 21.6 + 04 20.6 + 0.7 2.2 21.8 £ 0.6
N 11.0 £ 0.1 9.1+03 7.8 + 1.0 8.7+ 1.1
U 1.5+03 28 £0.5 -0.6 £ 1.0 0.8 + 1.1
Zelenchukskaya E 2344+ 09 18.0 £ 1.2 21.0 +£ 04 0.8 214 4+ 0.5
N 123 £ 1.0 124+ 1.2 5.8 +0.6 7.4+ 0.8
U 54+40 6.9 + 4.8 41+ 0.6 47 +£0.8
Urumgqi E 219 £ 0.1 255+ 0.6 231 +14 3.8 249 4+ 0.8
N 334+0.1 42 +0.5 3.6 + 1.7 5.0+ 1.7
U 6.4 +£0.3 39+0.5 43+ 1.6 4.6+ 1.6
Badary E 19.7 £ 0.2 19.6 + 0.6 214 + 1.1 1.3 19.8 + 0.8
N -9.0+0.2 -83+0.6 -75+ 1.7 -87+14
18] 74 + 0.5 21+£1.0 24+19 37+1.6
Seshan E 29.1 £ 0.0 23.6 + 0.6 21.3 + 0.6 2.0 21.7 £ 0.5
N —-12.8 £ 0.1 —14.1 £ 0.7 —-144 + 1.0 —143 +£ 0.7
18] —14 +£0.1 -0.7+ 04 0.0 £0.8 —0.4 £ 0.6
Avg. error +0.3 +1.3 +1.5 3.6 + 1.3
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Fig. 3. The threshold test for baseline exclusion and corresponding >. The lowest point is not obvious in (a). The y’s of the baselines are shown in (b). The
area between 10-30 in (a) is enlarged in (c); consequently, the lowest point (T,. at 19) becomes clear and is taken as the optimal threshold. The obvious leap
in (a) is caused by the Seshan—Kashima baseline, which is shown in (d). 7, less than 10 is not shown because it results in singular matrices.
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Fig. 4. Horizontal velocity differences (red arrows) at epoch 2000.0 between BPA type II solution and NNR-MORVEL (model errors are generally
+0.5 mm/yr in the east and north directions) when the Eurasia plate is the background field. Black arrows for Noto and Seshan are velocity differences
with respect to the velocity fields of their own plates (Nubia and Yangze) defined by NNR-MORVEL, respectively. The areas marked with dark red curves
are the Alps and the Persia-Tibet-Burma orogenic belts (Bird, 2003). Yellow curves are deviation for the plate boundaries of tectonic plates deviation
(Argus et al., 2011). The ellipses represent 95% confidence level. Except for Crimea, all stations show significant relative motion. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

For type II BPA solutions, different 7T,s and their
corresponding y’s, denoted as C,, were tested (Fig. 3).
First, C,. gradually decreases w1th increasing 7, and
then C, increases erratlcally due to the effect of the base-
lines w1th larger y?s. The lowest point in Fig. 3(a) and (c)
is the equlhbrlum point for baseline distribution stability
and excluding bad baselines. Both types of BPA results
listed in Table 1 are based on their individual optimal
threshold.

2.3. Station site movement

The movement of stations relative to NNR-MORVEL?
(Argus et al., 2011), which is a set of angular velocities of
the 25 MORVEL plates relative to the NNR reference
frame, are shown in Fig. 4. Combined with Table 1, we
can infer the following.

1. The differences in the number of stations in northern
and southern hemispheres cause the major axis of the
error ellipses to have a north-south direction. The up
components pointing to the respective zeniths of the
eight stations are significantly greater than the east-
pointing components because the up components are
determined by the intersection of the one side baselines.

2. Regarding to the velocity uncertainties of the stations,
the four stations, Medicina, Matera, Crimea (also
known as Simeiz) and Seshan are in good agreement
with the G II and both types of corresponding BPA
solutions.

3. For Zelenchukskaya, the velocity uncertainty for G 11
was piecewisely estimated and the result was lower for
the BPA because the global solutions in Table 1 are
obtained from short observation sessions. In contrast
to its long-spanning solution (22.9 + 04E, 53 +
0.3 N, 1.5 £ 0.6U, unit: mm/yr), there is good consis-
tency in the velocity in the east and north directions.

2 http://geoscience.wisc.edu/~chuck/MOR VEL/index.html.

4. The relative movements of the stations near the Eur-
asian boundary need to be further investigated, e.g.
Seshan is the fastest moving station among the eight sta-
tions when the Yangze plate is chosen as its background,
whereas the Eurasian plate seems more reasonable when
considering its velocity magnitude. The same arguments
hold for Noto.

5. The baseline lengths, the number of baselines, and the
distribution of baselines mainly control the uncertainties
in the velocity of stations. The station velocity with
relatively large error is due to the sparse baseline struc-
ture and the lack of short baselines clusters around such
stations (Fig. 5), e.g. Urumqi and Badary. Avouac et al.

Medicina : 45 Matera : 44 Noto

X ¥ ¥

Crimea Zelenchukskaya:32 Urumgi : 18

d 3 e

Badary :22

Seshan

0 0.05 0.1

WRMS for fitting
baselines. Unit: m

Fig. 5. Baseline structures viewed from their individual local zenith (the
legend on top of each diagram gives the station name and the number of
connected baselines) and their fitted WRMSs for baselines.
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(1993) suggested that the rate of shortening across the
Tien Shan subplate is at least 6 &= 3 mm/yr at longitude
~ 85.5°E, while the horizontal velocity of Urumgqi
(~ 87.2°E) after BPA is 8.9 £ 2.0 mm/yr with respect
to the Eurasian plate. There is a good agreement
between them. The velocity uncertainty in Crimea is
not well constrained probably because of the relatively
limited time in the geodetic VLBI observations.

3. Conclusions

The proposed BPA method is based on linear intersec-
tion, which is rather intuitive and does not require external
constrains and other conditions typically used in conven-
tional methods. Furthermore, the non-estimated stations
are a datum in the normal matrix for estimating the veloc-
ity. The main conclusions of this study can be summarized
as follows:

1. Currently, the precisions of station velocities, which are
calculated from two types of the baseline post-adjust-
ment solutions and defined by the average uncertainties
(£1.5mm/yr and =£1.3 mm/yr, respectively) of the
velocities of the stations, are comparable to the uncer-
tainty (£1.3 mm/yr) of the global solution, which is
based on XA sessions.

2. The baselines connected to the estimated stations, the
prior values of station positions, and velocities all affect
the uncertainty of the BPA results. The precision of the
station velocity will improve when more high-precision
baselines and greater baseline coverage are added to
the BPA model.

3. For both types of BPA, we obtain more stable errors by
solving all estimated stations once (type II) than solving
them one-by-one (type I). The choice of the threshold
for excluding bad baselines and obtaining an optimal
solution can also be taken as reference.

4. The velocities of the eight stations confirms the division
of the orogenic belts in Eurasia; nonetheless, several
boundary stations (Noto and Seshan) need to be further
studied.

(Ve rg)x (re Vg)) (re V‘Z))z (Vt)x
Type 1: . ("e)y
0 0 0 (‘e)z
(re rNﬂ)x (Ve er')y (l’e - rNe)z H
I x
A 3x1

N, x3
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Appendix

Two types of BPA equations corresponding to Eq. (1)
are expanded into Eqgs. (A.l1) and (A.2), respectively, in
which, the elements with superscript ‘0’ in the matrices or
vectors denote the velocities or positions of non-estimated
stations. For estimated stations, their coordinates are
known but their velocities need to be determined. Each ele-
ment, r or i, contains three geocentric coordinate compo-
nents. x denotes the estimated vector. A4 is design matrix
and [ is the right-hand-side vector.

For BPA type I, there is only one station velocity to
be estimated. N, is the number of the baselines linked
to the estimated station e. B, and B,, with
i=1,2,...,N,, which are made up of station e and the
other stations, denote the baseline length and its time-
derivative, respectively. (-) denotes the corresponding
component of the vector.

For BPA type II, all u station velocities are estimated
together. The corresponding components have not been
expanded in Eq. (A.2). n;, with i=1,2,...,u, denotes
the number of baselines, which are made up of station i
and the linked non-estimated stations. N is the total
number of baselines joint in the type II solution. The
content above the separator line in A and [/ reflects the
relations among estimates while the content below the
separator line reflects the relations among the estimated
stations and the other stations. The blank area in A4 are
zero elements.

X,y orz

BelBgl + (l’e — ro) . V(l)
BeZBeZ + (re - 0) : Vg

» 0 -0
BeNeBeNe + (Ve - "Nc) “Fy,
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Then, the valuation vector x for the estimated vector x
of two BPA types is as follows:
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Biny Biny +(r1—rg,) -7,
Bywr1Bawi1 + (r2 =70 4) - P4

Bany Bany + (r2 —73,) 73,
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where (-)" and ()" represent the matrix transposition and
inversion, respectively.

N -1
= (4"P4)" (4"PI), (A.3)

where P is the weight matrix in Eq. (A.4).
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