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Abstract

Tropospheric delay modeling is challenging in high-precision Very Long Baseline Interferometry (VLBI) analysis due to
the rapid water vapor variation and imperfect observation geometry, where observations from Global Navigation Satellite
Systems (GNSS) co-locations can enhance the VLBI analysis. We investigate the impact of tropospheric ties in the VLBI and
GNSS integrated processing during the CONT05—-CONT17 campaigns, and present a method that automatically handles the
systematic tropospheric tie biases. Applying tropospheric ties at VLBI-GNSS co-locations enhances the observation geometry
and improves the solution reliability. The VLBI network is stabilized, with station coordinate repeatability improved by 12%
horizontally and by 28% vertically, and the network scale improved by 32%. The Earth Orientation Parameters (EOP) improve
by up to 20%. Both zenith delay and gradient ties contribute to the improvement of EOP, whereas the gradient ties contribute
mainly to the improvement of length of day and celestial pole offsets.

Keywords GNSS - VLBI - Combination on the observation level - Tropospheric tie - Earth orientation parameters

1 Introduction

For the microwave-based space geodetic techniques, such
as Very Long Baseline Interferometry (VLBI) and Global
Navigation Satellite Systems (GNSS), the signals transmit-
ted through the electrically neutral atmosphere are delayed
due to the non-vacuum conditions, causing the tropospheric
delay (Bohm and Schuh 2013). Modeling the time-varying
tropospheric delay to achieve high-precision space geodesy is
challenging due to the rapid spatial and temporal variation of
its wet component and the correlation between tropospheric
delay and station coordinates and clocks, especially between
zenith total delay (ZTD) and the station vertical component.
As VLBI s the only technique capable of determining the full
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set of Earth Orientation Parameters (EOP) and contributes
to the determination of the network scale of the Interna-
tional Terrestrial Reference Frame (ITRF) (Altamimi et al.
2016; Bizouard et al. 2018), persistent efforts have been put
to improve VLBI solutions. However, due to the fact that
at least two VLBI radio telescopes must observe the same
radio source simultaneously, the limited observation number
and imperfect observation geometry present disadvantages
for VLBI-only studies.

To de-correlate station coordinates and tropospheric
parameters, precise external tropospheric information can
be used, including water vapor radiometer (Kuehn et al.
1991; Nilsson et al. 2017a, b), Numerical Weather Mod-
els (NWMs) (Hobiger et al. 2010; Eriksson et al. 2014;
Hofmeister and B6hm 2017), or precise estimates from an
independent space geodetic technique, such as GNSS. GNSS
provides precise tropospheric information with good tempo-
ral resolution and a ZTD accuracy of 4 mm (Bender et al.
2008) due to the continuous tracking and well distributed
observation geometry. Thus, it has been widely used to
enhance other microwave-based space geodetic techniques,
such as satellite altimetry (Fernandes et al. 2015) and Interfer-
ometric Synthetic Aperture Radar (InSAR) (Williams et al.
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1998; Shamshiri et al. 2020). At co-location sites that typ-
ically extend hundreds of meters, VLBI and GNSS can be
assumed observing through the same troposphere. Thus, the
tropospheric zenith delays and horizontal gradients can be
combined after considering the effects of station coordinate
differences on tropospheric parameters, that is, the tropo-
spheric ties. Applying tropospheric ties allows to consider
more observations and improves the observation geome-
try, leading to a better precision of tropospheric parameters.
Through inter-parameter correlations, other parameters can
be improved in turn, including station positions and EOP,
especially those of the VLBI solution that suffer more from
the limited geometry.

Applying tropospheric ties to GNSS co-locations can
improve the UT1-UTC (dUT1) accuracy of the International
VLBI Service for Geodesy and Astrometry (IVS) 1-h Inten-
sive sessions to overcome the deficiency of poor geometry
(Teke et al. 2015; Nilsson, et al. 2017a, b). The IVS 24-h
sessions also benefit from tropospheric ties to GNSS co-
locations (Kriigel et al. 2007; Hobiger and Otsubo 2014;
Diamantidis et al. 2021), where station coordinates improve.
However, most of these studies use different software for
the VLBI and GNSS processing. Despite the great efforts
in pursuing homogeneous processing strategies, the inter-
software inconsistency inevitably causes tropospheric delay
discrepancy and degrades the solution. More importantly, the
tropospheric tie might present systematic biases even after
applying the height-related corrections, which can reach up
to 5 mm for ZTD. Ignoring them may distort the VLBI net-
work and cause systematic biases in the VLBI estimates.
Moreover, these studies mainly focus on the station coordi-
nates, whereas the impact on global geodetic and geophysical
parameters, including the network scale and EOP, has not
been fully investigated.

The current ITRF determination by combining different
space geodetic techniques utilizes the global ties, that is,
EOP, and local ties on station coordinates at co-location
sites as well as co-motion constraints. Additionally apply-
ing tropospheric ties will very likely be an important step
forward in ITRF determination. Considering the high num-
ber of parameters, combining tropospheric parameters has a
large potential to improve the precision and reliability, and
to contribute to validating the local ties (Kriigel et al. 2007).
The combination on the observation level can also improve
the consistency and reliability of the future determination of
reference frames and EOP.

In this study, we investigate the impact of applying tropo-
spheric ties at VLBI-GNSS co-location sites based on the
five IVS Continuous VLBI Campaigns (CONT) between
2005 and 2017. We process the VLBI and GNSS obser-
vations simultaneously in the same software package, that
is, integrated processing on the observation level, to ensure
the highest consistency. Furthermore, we adopt an automatic
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method to handle the tropospheric tie biases. We demonstrate
the effects of ZTD and gradient ties on station coordinates,
network scale, and EOP individually.

2 Data and methods
2.1 The VLBI CONT campaigns

Unlike GNSS where daily observations are usually pro-
cessed in the 00:00-24:00 UT datasets, the 24-h global VLBI
observing sessions are usually discontinuous and start around
17:00-18:30 UT. However, the 24-h sessions available in the
five CONT campaigns start at 00:00 UT, named with the year
carried out as CONTO05, CONTO08, CONT11, CONT14, and
CONT17, with 15 sessions in each campaign. It should be
noted that the CONTOS5 sessions started observing at 17:00,
but a reprocessed version (the XB series) starting at 00:00 is
also provided by IVS and used in this study. The CONTO05B
series has 14 instead of 15 sessions. The CONT campaigns
using more radio telescopes and radio sources aim on demon-
strating the best capability of VLBI at that time on both
technical and scientific perspectives (Behrend et al. 2020).
Therefore, they are ideal for inter-technique comparisons
and multi-technique combinations (Thaller et al. 2006; Teke
et al. 2013; Hobiger and Otsubo 2014; Pollet et al. 2014,
Heinkelmann et al. 2016). The geographical distribution of
the network stations of the CONTO5-CONT17 campaigns
used in this study is presented in Fig. 1.

Figure 1 also shows the co-locations with the International
GNSS Service (IGS) stations, which are available at most
VLBI stations. We use all available GNSS co-locations to
improve the observation geometry and to alleviate potential
instrument-related systematic biases.

The GNSS—VLBI inter-station distances are provided in
Table 1. For most of the co-locations, the horizontal dis-
tances are within 200 m, and the vertical distances are
within 20 m. The two exceptions are: MDO1-FD-VLBA,
8 km horizontally and around 400 m vertically; HAR-
B-HART15M/HARTRAO, 2 km horizontally and around
150 m vertically. Despite this relatively large inter-station
distance, the inter-technique agreement of tropospheric
parameters at these two co-locations is not larger than
that of other co-locations. For MDO1-FD-VLBA, the STD
value of ZTD differences in CONT17-VLBA is 4.1 mm,
and the RMS values of the north and east gradient dif-
ferences are 0.6 and 0.4 mm, respectively. As for HAR-
B-HART15M/HARTRAO, the STD value of ZTD differ-
ences varies between 3.8 and 6.8 mm, and the RMS value
of north and east gradients varies between 0.5 and 1.6 mm,
during CONTO5 to CONT17. For all the co-locations dur-
ing CONTOS and CONT17, the average value is 4.0 mm
for ZTD STD, 0.7 mm for north gradient, and 0.6 mm for
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Fig. 1 Distribution of VLBI stations in CONT05-CONT17. Red are stations with and blue without GNSS co-location. In CONT17 the VLBA and
IVS legacy networks observed in parallel. The start and end times of each campaign are given in terms of Day Of Year (DOY) in the title of each

panel

east gradient. Therefore, the tropospheric ties at MDO1-FD-
VLBA and HARB-HART15M/HARTRAO co-locations can
be applied.

2.2 Integrated processing of GNSS and VLBI
on the observation level

For the multi-technique integrated processing on the observa-
tion level, the VLBI module was newly implemented in the
Positioning And Navigation Data Analyst (PANDA) soft-
ware (Liu and Ge 2003). The PANDA software focusing
on high-precision GNSS data processing is widely used in
geodetic applications, including satellite orbit determination
(Liu et al. 2016; Huang et al. 2020), static and kinematic
platform positioning (Penna et al. 2018; Wang and Liu 2019;
Abbaszadeh et al. 2020), atmospheric sensing (Wang et al.

2019; Wuetal. 2020). The VLBI module was implemented in
a common least-squares estimator with GNSS (Wang 2021),
following the IERS Conventions 2010 (Petit and Luzum
2010).

We processed VLBI and GNSS observations simultane-
ously on a daily basis. The data processing strategy is present
in Table 2. The a priori EOP were derived from the IERS
Bulletin A product, and the station displacements include
solid Earth tides, ocean tidal displacements, pole tide loading,
ocean pole tide loading, and tidal atmospheric pressure load-
ing. Non-tidal atmospheric pressure loading (Ménnel et al.
2019) was also applied using the VMF product (Wijaya et al.
2013).

We processed VLBI X-band group delay observations that
were corrected for dispersive delays employing the S-band
observations for mitigating the ionospheric refraction. We
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Table 1 Inter-station distance of GNSS—VLBI co-locations used in this Table 1 (continued)
study. For GNSS stations, the distance between marker and antenna
reference point is considered VLBI GNSS North [m] East [m] Up [m]
VLBI GNSS  North [m]  East[m]  Up [m] YARRAI2M  YAR2 659 131.8 - 6.8
YAR3 72.4 148.7 —5.8
ALGOPARK ALGO 335 105.3 —232
YARR 62.0 131.5 — 6.9
BADARY BADG —61.9 73.5 —10.2
YEBES40M YEBE 26.0 — 149.7 —16.2
BR-VLBA BREW 333 48.0 —11.9
ZELENCHK ZECK 64.8 —-79 — 8.8
FD-VLBA MDOI1 5046.0 — 6726.0 392.5
FORTLEZA BRFT 45.5 35.7 — 14
GILCREEK FAIR —459 — 814 — 13.0
HARTI15M HARB 3072 23032 1517 estimated daily constant station coordinates applying min-
HRAO _ 408 2719 48 1r2;1m (‘lat}lm ci)nsgf;ntsT(lf}laszr. et al. 2015) té). ITRF2014
HARTRAO HARB 3087 21903 1442 (Altamimi et al. ). The radio source coordinates were
HRAO 393 150.0 6 fixed to ICRF3 (Charlot et al. 2020). Both, offsets and rates
' ) ' of polar motion (PM) and UT1-UTC were estimated, whereas
HOBARTI2 HOB2 959 487 0.1 celestial pole offsets (CPO, dX and dY) were determined as
HOBART26 HOB2 — 1256 — 1460 — 240 daily constants. We used the random walk process to model
KASHIM11 KSMV - 241 18.3 —47 station clocks with a stochastic noise of 0.3 mm/./s, and
KATHI2M KAT1 —-594 97.2 =50 clock breaks and baseline clock offsets where indicated.
KOKEE KOKB —41.8 18.0 -9.1 We processed the GNSS ionosphere-free combined
KOKV —41.8 18.0 —9.1 pseudo-range and phase observations in the static Precise
MATERA MATI —51.4 44.7 - 8.8 Point Positioning (PPP) mode (Zumberge et al. 1997), with
MATE — 437 373 —76 satellite orbits and clocks fixed to IGS products (Johnston
MEDICINA MEDI —596 —96 — 171 et al. 2017; Griffiths 2018). We estimated GNSS receiver
MK-VLBA MKEA _33 — 873 _g4 clocks as epoch-wise white noise, and corrected antenna
NL-VLBA NLIB 18.5 — 629 152 phase center offsets and variations (Rebischung and Schmid
NYALES20 NYAL 495 041 _1 2016), phgse wind up (Wu et al. 1993)., and relativity effect.
Note that in PPP mode GNSS observations do not contribute
NYA2 136.3 — 2372 -59 . .
to the EOP estimation.
NYAL 52.9 —98.8 78.5
ONSALAG60 ONS1 —56.0 —109.0 —14.8
ONSA  —60.0 —50.5 —127 2.3 Applying the tropospheric ties
PIETOWN PIE1 54.3 243 —17.1
SESHAN25 SHAO 533 74.7 —74 For both VLBI and GNSS, the tropospheric delay L(e, a)
SVETLOE SVTL 576 585 _93 in slant direction with elevation e and azimuth « can be
TIGOCONC ~ CONT  —13.6 -20.8 25 described as
CONZ — 1159 —30.0 9.7
TSUKUB32 TSK2 269.7 —145.9 —14.8 L(e, a) = mfn(e) - ZHD + mfy(e) - (ZWDgy + AZWD)
TSKB 281.2 — 1116 - 175 +mfy(e) - (cos(@) - Gx + sin(a@) - Gg)
WARKI12M WARK 44.3 —42.6 —16.6 )
WESTFORD WES2 43.0 384 - 1.7
WETTZELL WTZA —87.1 105.8 —3.1 .. .
where ZHD and ZWDy denote the a priori zenith hydro-
WTZR —90.1 106.3 —-3.0 . .
static and wet delays, respectively; mf,(e) and mfy (e) are
WTZS - 247 858 =36 corresponding mapping functions. GN and Gg are the north
WTZZ — 886 105.9 —29 and east total gradients, respectively, and mfg(e) is the gra-
WETTZI3N WTZA 348 87.7 — 66 dient mapping function. The residual non-hydrostatic delay
WTZR  31.8 88.2 —65 AZWD is parametrized as one-hourly piece-wise-constant
WTZS 97.3 67.6 -9.1 (PWC), and both gradients are estimated as three-hourly
WTZZ 333 87.8 — 64 PWC.
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The same tropospheric parameters, that is, the residual
ZWD and gradients, were applied to both VLBI and GNSS
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Table 2 Strategy for VLBI and
GNSS integrated processing used
in this study

Item VLBI GNSS

Mode Single-session solution Daily Precise Point Positioning
(PPP)

Period CONTO05-CONT17 Same as VLBI

Station Most of the participating stations Selected IGS stations co-located
with the VLBI stations

Observable All X-band group delays with the Un-differenced ionosphere-free

quality code “0” linear combination of GPS L1

and L2 phase and pseudo-range
observations

Weighting Constant (1 cm) 4+ observation noise + 0.01 m for LC, 0.9 m for PC;

Cut-off elevation

Space part

A priori TRF

Site position

Receiver clock

Ionospheric delay

Antenna offset, etc.

EOP estimation

Tropospheric delay
modeling

Ephemeris

Station displacement

EOP modeling

ionospheric delay noise

No

Radio source coordinates fixed to
ICRF3

ITRF2014 (Altamimi et al. 2016) with
velocity and PSD correction

No-net-rotation (NNR) and
no-net-translation (NNT) for the
stations defined in ITRF2014

Linear function plus random walk noise
of 0.3 mm/./s

First order correction from NGS, no
higher-order considered

Radio telescope eccentricity from
ECCDAT.ecc, thermal deformation
and axis offset corrected

PM and UT1-UTC: daily offset and
rate, CPO: daily offset

elevation-dependent
down-weighting for elevation
below 30°:1/(2sine)

50

Satellite orbits and clocks fixed

to the IGS 2nd reprocessing
product

1GS14 with velocity and PSD
correction

Estimated as daily constant
without constraints

Epoch-wise white noise

First order corrected by
ionosphere-free combination,
no higher-order considered

Receiver and satellite PCV and
PCO corrected using IGS14.atx

No

A priori value from the 6-hourly sampled VMF3-site and VMF3-grid (1°
x 1°) product, temporally linear interpolated, and spatially bilinear
interpolated. The a priori gradient value is not applied. Residual Zenith
Wet Delay (ZWD) estimated as 1-h piece-wise-constant (PWC); north
and east gradients estimated as 3-hourly PWC. Gradient mapping

function: Chen and Herring (1997)
JPL DE405

IERS 2010 Conventions (Petit and Luzum, 2010) adopted for: solid Earth
tides, ocean tides, pole tide, ocean pole tide, S1-S2 atmospheric pressure
loading. Non-tidal atmospheric pressure loading from the VMF product

A priori value from the IERS Bulletin A product; sub-daily model
follows the IERS 2010 Conventions

stations at the co-locations, considering the topography-
related (mainly in the altitude component) and instrument-
related differences. We used the VMF3 station-based product
(Landskron and Bohm 2017, 2018) for the a priori zenith
delays and mapping functions, which can efficiently can-
cel the topography-related difference. As the station-based

VMF3 does not always refer to the height of the refer-
ence point of the GNSS antenna, an empirical equation was
applied to correct for this difference (Kouba 2007).

Besides the topography-related tropospheric delay differ-
ences, systematic biases are also observed in VLBI-GNSS
tropospheric parameter comparisons. For instance, at West-
ford (WESTFORD-WES?2) a 4-5 mm bias has been reported
(Steigenberger et al. 2007; Teke et al. 2011), probably due

@ Springer
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Table 3 The different solutions with different tropospheric tie setups

Solution ZTD ties Gradient ties
NO No No
ZTD Yes No
GRD No Yes
TRP Yes Yes

to the GNSS instrument effect. As ignoring this bias might
cause network distortion and potentially degrades the solu-
tion, we set up a daily constant tropospheric tie bias parameter
Ax as

XGNSS = XVLBI + Ax (2)

where xgnss and xy gy are tropospheric parameters (residual
ZWD and gradients) of GNSS and VLBI, respectively. Ax
is constrained to the a priori value:

Ax = Axapriori £ O 3)

where o is the uncertainty and adjusted automatically until
the normalized residual is less than 1.96 (Baarda, 1968;
Lehmann 2012). Since the topography-related bias has
already been accounted for, the variable a priori should be
zero in case of no instrument-related effects. However, it is
usually not the case in reality and the reason is still under
investigation. At each VLBI-GNSS co-location, the average
tropospheric parameter difference from the single-technique
analysis in each campaign was used as the a priori value.
Despite the effort to provide precise a priori tropospheric tie
bias determined from single-technique solutions, it is still
necessary to allow the tropospheric tie bias to vary a bit
instead of fixing to the a priori value in the integrated process-
ing. The reason is that currently the tropospheric parameter
agreement between GNSS and VLBI is at the level of 4-6 mm
(Teke et al. 2013), and the precision of tropospheric tie bias
from single-technique solution is not good enough for the
tightly fixed solution. We thus propose the automatic weight-
ing strategy to handle tropospheric tie biases, which can
be implemented in the long-term multi-technique integrated
processing. In future studies, the best way to handle tropo-
spheric tie bias would be carefully calibrating the values and
directly applying the values cautiously in integrated process-
ing.

To investigate the different impact of ZTD and gradi-
ent ties, four different setups are performed and shown in
Table 3. Note that in solution “TRP” the full set of tropo-
spheric ties, including both ZTD and gradients, are applied.
At each co-location, the tropospheric ties are applied at all
VLBI-GNSS pairs but not at GNSS—GNSS or VLBI-VLBI
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pairs to improve the VLBI solution and not over-weight
the GNSS solution. In all four solutions GNSS and VLBI
observations were processed simultaneously in the common
least-squares estimator.

3 Results and discussions
3.1 VLBI station coordinates and network scale

The repeatabilities of station coordinates and network scale
indicate the capability to reproduce the terrestrial reference
frame using the same network and data processing strategy,
and can be used to demonstrate the solution precision and sta-
bility. The repeatability is calculated as the weighted standard
deviation (WSTD):

Zn (X —Xwmean)?
: =

WSTD = B/
Yio1 gz
Xi
Y153
XWMEAN = )
i=1 Jiz

where Xj is the estimate at epoch i of all the n solutions and
oj is the corresponding formal error. The weighted root mean
square (WRMS) statistic is further used in Sect. 3.2.

As the tropospheric parameters have a strong correla-
tion with station coordinates, applying tropospheric ties will
strengthen the tropospheric parameters and decrease the cor-
relation, and consequently improve the station coordinates,
especially in the height component, and subsequently the net-
work scale. The repeatabilities of all station coordinates and
the network scale are given in Fig. 2 for each campaign. The
network scale is calculated by the seven-parameter Helmert
transformation between daily adjusted and a priori coordi-
nates from ITRF2014.

Applying tropospheric ties (solution “TRP”’) improves the
horizontal components in almost all campaigns. The aver-
age repeatability is reduced from 2.6 to 2.3 mm and from
2.4 to 2.1 mm in the north and east components, respec-
tively, that is, 12% improvement compared to the solution
without tropospheric ties (solution “NO”). When applying
only ZTD or gradient ties improves the repeatability in
general, the repeatability is slightly degraded (by 0.1 mm)
in a few campaigns, for instance, in CONT17. The hori-
zontal improvement from gradient ties is attributed to the



Improving VLBI analysis by tropospheric ties...

Page70of15 32

north, east, and up coordinate 4 4
components and network scale. (2.6) (2.4, 7%) (2.3, 12%) (2.4) (22, 8%) (2.1,12%)
The four solutions are: no
tropospheric ties applied (“NO”) _ 3 3
in red; only ZTD ties applied € =
(“ZTD”) in green; only gradient E 2 £ 2
ties applied (“GRD”) in blue; = g
both ZTD and gradient ties 2 u
applied (“TRP”) in black. The 1 1
average values over
CONTO05-CONT17 are given in
brackets, as well as the 0 - - S 0 B -
improvement of solutions with 10 1
tropospheric ties compared to (7.2) (6.7, 6%) (5.2, 28%) (0.60) (0.53, 10%) (0.40, 32%)
that without tropospheric ties
8 0.8

E 6 206

E =

S 4 § 04

° ) 0 o)
SRR SO SN G (@ P e
OOV\ OoV\ GOV\ OOV\ < \1N \(‘\1 GO\A oo¥\ OoV\ GOV\ < ,\1N $(’\'\
o P o P

decorrelation between tropospheric gradients and horizontal
coordinate components.

Applying tropospheric ties improves the average repeata-
bility of the vertical component over all campaigns by 28%
compared to the solution without tropospheric ties, with the
value reduced from 7.2 to 5.2 mm, which can be mainly
attributed to the ZTD ties, as applying ZTD ties to the pre-
cise GNSS estimates alleviates the correlation between the
vertical coordinate and ZTD. The repeatability of solutions
with only ZTD ties (solution “ZTD”) and that with only gra-
dient ties (solution “GRD”) is 5.1 and 6.7 mm, respectively,
corresponding to an improvement of 29 and 6%. Moreover,
all campaigns show consistent improvement.

The VLBI network scale is improved by 32% with the
repeatability reduced from 0.60 ppb (solution “NO”) to
0.40 ppb (solution “TRP”). The repeatability of solution
“ZTD” (0.42 ppb) is better than that of “GRD” (0.53 ppb).
Moreover, the solution “ZTD” always has better repeatabil-
ity in different campaigns, whereas the solution “GRD” ties
has worse repeatability in CONT11 (by 0.06 ppb). As the
network scale is mainly determined by the station vertical
coordinate, the scale improvement is attributed to the ZTD
ties.

The station-wise coordinate repeatability differences
between solution “NO” without tropospheric ties and solu-
tion “TRP” with both ZTD and gradient ties are given in
Fig. 3. We can see that most of the VLBI stations have reduced
coordinate repeatability values when the tropospheric ties are

applied, and as expected the Up component has the largest
improvement, which is consistent with the above analysis.
In each campaign, a relatively large improvement is usually
observed at the VLBI stations with weaker observation geom-
etry. Taking CONTOS as an example, both ALGOPARK and
HARTRAO have larger improvement than other stations, and
their repeatability values of the solution “NO” are 12.9 and
10.3 mm, respectively, mainly due to the weaker observation
geometry: HARTRAO is located in the Southern Hemisphere
with around 600 observations per session and ALGOPARK
has around 600 observations per session, whereas the rest
stations have about 1000-1600 observations per session.
The same conclusion applies to other campaigns, such as
TIGOCONC in CONTO08 (only around 500 observations
per session compared to 1000-2400 observations at other
stations), ZELENCHK in CONTI11 and CONT14 (worse
observation quality), and SESHAN25 and YARRAI12M in
CONT17-VLBA (far from other stations). Among the six
networks, the CONT17-VLBA shows the least improvement,
with the majority of stations located in North America show-
ing almost no improvement. A few VLBI stations show
deteriorated precision up to 1 mm, including the up com-
ponent of TSUKUBA in CONTOS, the north component
of TIGOCONC in CONTI11, and the east component of
FORTLEZA in CONT14. The possible reason is that the
observation geometry between co-located GNSS and VLBI
stations are different as these VLBI stations are more far
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Fig.3 VLBI station coordinate
repeatability differences between
solution “NO” without
tropospheric ties and solution
“TRP” with both ZTD and
gradient ties in
CONTO05-CONT17. The
negative value means that the
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away from other stations, and the local weather condition
might have rapid fluctuation.

In addition to the repeatability of the station coordinate
and network scale, the VLBI baseline length repeatability
is also investigated. The baseline length repeatability is not
affected by the global parameters such as EOP or the datum
constraints, and thus can better indicate the internal preci-
sion of the VLBI solution. Figure 4 gives the VLBI baseline
length repeatability values of different solutions. Applying
tropospheric ties improves the VLBI baseline length repeata-
bility by 1.7 mm on average, and the contribution of ZTD
ties is more significant than that of the gradient ties. More-
over, the longer baselines show larger improvement, which is
expectable as the major improvement comes from ZTD ties
in the up component.

In addition to the significant improvement on the VLBI
TREF, the GNSS station coordinates average repeatability is
also improved by 2% horizontally and 6% vertically. This rel-
atively small improvement is because GNSS provides better
observation geometry with always enough satellites tracked
every epoch. The GNSS average repeatability is 1.7, 2.5, and
around 4 mm in north, east, and up components, respectively.
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3.2 Earth orientation parameters

We evaluate the EOP precision by comparing to the IERS
EOP 14 C04 product (Bizouard et al. 2018), and the
polar motion and UT1-UTC precision by the day-boundary-
discontinuity (DBD, the misclosure at midnight). The IERS
EOP 14 C04 is considered to be of high quality as a multi-
technique multi-solution combination product (Glaser et al.
2020), whereas the DBD indicates the internal precision. The
WSTD of the EOP differences and WRMS of DBD calcu-
lated using Eq. 4 are shown in Fig. 5. We can see that applying
tropospheric ties improves VLBI EOP estimates in general,
as both the agreement to the IERS product and the DBD
statistics are improved on all EOP components on average.
The average WSTD values without tropospheric ties are
97 and 78 pas for the x-pole and y-pole offsets, respectively.
Applying only ZTD ties reduces the WSTD values by 21%
to 77 p.as for x-pole and by 11% to 69 pas for y-pole; and the
corresponding improvements by applying only gradient ties
are4% (to 93 pas) and 2% (to 76 as). Applying tropospheric
ties (solution “TRP” compared to “NO”) improves the x-pole
offset by 18% and the y-pole offset by 13%. The average
improvements of PM rates by ZTD ties are 7% for the x-
pole rate and 3% for the y-pole rate, and the corresponding
improvements by gradient ties are 11 and 14%. Compared
to the solution “NO”, the average WSTD values of solution
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“TRP” are reduced by 12% for x-pole rate and 14% for y-pole
rate. The PM DBD is further improved by ZTD ties, and the
average improvements by tropospheric ties (solution “TRP”
compared to “NO”) are 5 and 10% for the x-pole and y-pole
components, respectively. For the PM rates, the contribution
of gradient ties is larger than that of ZTD ties.

The impact of applying tropospheric ties (solution “TRP”
compared to solution “NO”) on UT1-UTC is not significant
(average improvement of 2%), and results of different cam-
paigns are not conclusive. The Length of Day (LoD, the
negative first time derivative of dUT1) WSTD is reduced
from 17.2 (solution “NO”) to 15.6 ws/day by gradient
ties (solution “GRD”), and further to 15.4 ws/day (10%
improvement) by additional ZTD ties (solution “TRP”). The
UT1-UTC DBD is reduced from 10.5 s in solution “NO” to
8.7 ws in solution “TRP” (17% improvement), and the major
contribution comes from the gradient ties (12% improve-
ment). Both UT1-UTC DBD and LoD statistics are improved
by applying tropospheric ties in all CONT campaigns.

The impact of the tropospheric ties on CPO (dX and dY)
is diverse in different campaigns. Compared to the solution
“NO” without ties, the WSTD values in solution “TRP” are
reduced from 48 to 42 pas and from 49 to 47 pas on the
dX and dY components, respectively, corresponding to an
improvement of 13% and 4%.

The IERS EOP 14 C04 product is not independent as
it also uses the data of the CONT campaigns, especially
the UT1-UTC and CPO which are more dominated by the
VLBI observations of these CONT campaigns (Bizouard
et al. 2018). We thus compared the ERP estimates of VLBI
solutions to those of the GNSS precise orbit determination
(POD) solutions. The GNSS POD solution is performed in

Baseline Length [10% km]

the same time period of the CONT campaigns, adopting a
similar processing strategy presented in Table 2. However,
in the POD solution (1) more than 200 globally distributed
IGS stations are processed; (2) the Earth Rotation Parameters
(ERP, including polar motion and LoD) are estimated, includ-
ing offset and rate for polar motion and rate for UT1-UTC,
that is, LoD; (3) the dynamic satellite orbits are estimated;
and (4) the GNSS ground station coordinates are estimated
with the minimum constraints, that is, no-net-rotation and
no-net-translation applied on the core stations.

Table 4 presents the average values of the ERP agreement
between GNSS and VLBI in CONT05-CONT17, includ-
ing the improvement of solutions with tropospheric ties
compared to the solution without tropospheric ties. The
improvements by tropospheric ties are 26, 12, 14, 10, and
5% on the x-pole offset, y-pole offset, x-pole rate, y-pole
rate, and LoD, respectively, which are consistent with the
improvements when comparing to the IERS EOP 14 C04
product reported earlier. Despite the negative impact of gra-
dient ties on y-pole offset, all other ERP components are
improved, especially when both ZTD and gradient ties are
applied.

Noticing that the ZTD ties contribute more to the improve-
ment of the PM offsets, whereas the gradient ties contribute
more to the PM rates, we further investigated the EOP for-
mal errors, which are presented in Fig. 6. The formal error
improvements from ZTD ties on the offsets of x-pole, y-
pole, and UT1-UTC are 28, 22, and 15%, respectively, and
those on the corresponding rates are 11, 9, and 6%. In com-
parison, the improvements from gradient ties on the offsets
are 21, 19, and 15%, and those on the rates are 17, 17, and
15%. The gradient ties result in larger improvement on the
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Table 4 Average WSTD values
of the ERP agreement between EOP NO ZTD GRD TRP
VLBI and independent GNSS
solutions in CONT05-CONT17. x-pole (jLas) 90 66 (26%) 80 (11%) 66 (26%)
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Fig.5 Left and middle panels: WSTD of the differences between EOP
estimated herein and the IERS EOP 14 C04; right panels: WRMS of
the polar motion and UT1-UTC day-boundary-discontinuities (DBD).

CPO (17%) than the ZTD ties (8-9%). Therefore, the formal
errors clearly indicate the different contributions of ZTD and
gradient ties on different EOP components.

To better understand the different impacts of ZTD and
gradient ties on EOP, Fig. 7 shows the correlation coeffi-
cients between the tropospheric parameters and EOP, with
and without applying tropospheric ties. We did not consider
the tropospheric tie biases in this demonstration because: (1)
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In brackets the average values during CONTO5-CONT17 and the
improvement of the solutions with tropospheric ties over solutions with-
out tropospheric ties are given

the correlation coefficient only shows the theoretical situa-
tion and is not influenced by the tropospheric tie accuracy,
and (2) estimating the tropospheric tie bias introduces corre-
lation between the bias parameter and EOP, which does not
exist in the solution without tropospheric ties. Despite the
small magnitude of the correlation coefficients, we can see
that ERP offsets have a higher correlation with ZTD than
gradients, and ERP rates have a higher correlation with gra-
dients (at least one gradient). The CPO (dX and dY) are more
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Fig.6 Average values of EOP
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correlated with the gradients than with the ZTD. Applying
tropospheric ties reduces the correlation, which explains the
improvements in EOP formal errors and the agreement to the
IERS product. Moreover, we can derive consistent conclu-
sions in the two solutions with different or same temporal
resolutions between ZTD and gradients.

Despite the general improvement in most CONT cam-
paigns by applying tropospheric ties, not every campaign
shows similar performance. For instance, in CONT17-VLBA
the polar motion estimates deteriorate upon applying tropo-
spheric ties (see Fig. 5). This may be caused by assuming the
tropospheric tie bias as daily constant, as the different sky
coverage between GNSS and VLBI can cause discrepancies.
It should be mentioned that the best improvement is usually
obtained when both ZTD and gradient ties are applied.

3.3 Tropospheric tie bias

As the a priori tropospheric tie biases from single-technique
solutions are used, we further investigate the residual tro-
pospheric tie bias. Figure 8 presents the average values of
the residual tropospheric tie bias in CONT11 and CONT14
and the corresponding standard deviation (STD) values. For
each co-location, the residual tropospheric tie biases, that is,
the tropospheric tie bias estimate minus the a priori value, are
averaged over all sessions of the campaign, and the STD value
can also be obtained. We can see the residual tropospheric
tie biases are usually close to zero with the STD values much
larger than the mean values, which is expectable as the a priori
bias is derived from the single-technique solution. However,
the large STD values indicate that the variation of the bias
from session to session cannot be ignored. Moreover, the
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performance of the same co-location may vary significantly
between different campaigns. For instance, the FORTLEZA-
—BRFT co-location has much larger STD values for both
ZTD and gradient tie biases in CONT14 than in CONT11,
whereas the HOBART12-HOB2, TSUKUBA23-TSK2, and
ZELENCHK-ZECK co-locations all have much larger STD
values in CONT11 than in CONT14.

4 Summary and conclusions

We demonstrated the benefits of applying tropospheric ties
in the VLBI and GNSS integrated processing on the obser-
vation level during CONTO5-CONT17. We modeled the
topography-related tropospheric tie biases using NWM, and
proposed an automatic method to handle the instrument-
related systematic biases. Applying VLBI-GNSS tropo-
spheric ties improves the observation geometry, especially
for VLBI stations, and thus reduces the correlation between
tropospheric parameters and station coordinates, hence yield-
ing a stabilized VLBI network and enhanced EOP estimates.

Compared to the solution without tropospheric ties, apply-
ing both ZTD and gradient ties improves the VLBI station
coordinate repeatability by 12, 12, and 28% in the north, east,
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and up components, respectively. The horizontal improve-
ment is mainly from the gradient ties, and the vertical one is
mainly from the ZTD ties. The network scale is improved by
32% with the repeatability reduced from 0.60 to 0.40 ppb,
mainly due to the ZTD ties.

The VLBI EOP estimates also benefit greatly from tropo-
spheric ties, with the agreements to the IERS EOP product
improved by 18, 13, and 2% on x-pole, y-pole, and UT1-
UTC components, respectively. The corresponding DBD are
improved by 5, 10, and 17%. We demonstrated that the ZTD
ties contribute more to the ERP offset improvement, whereas
the gradient ties contribute more to the improvement of ERP
rates and CPO. This can be illustrated by the correlation coef-
ficients between tropospheric parameters and different EOP
components.

Despite the benefits of applying the VLBI-GNSS tro-
pospheric ties, it is worth to mention that the tropospheric
parameter agreement between VLBI and GNSS is only about
5 mm for now (Teke et al. 2011, 2013), which may cause
slight deterioration in EOP estimates upon applying tropo-
spheric ties. In addition, the tropospheric tie biases that are
not related to topography should be further investigated. The
VLBI and GNSS combination using additional global ties
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and local ties (Glaser et al. 2018) was investigated (Wang
2021).

This study is an important step toward the multi-technique
integrated processing on the observation level to include
all available ties, especially the tropospheric ties for the
microwave-based techniques. In further ITRF determination,
especially the epoch-specific ITRF (BloBfeld et al. 2013;
Abbondanza et al. 2017), the tropospheric ties can contribute
greatly to improve the network stability, especially the scale
parameter. The VLBI EOP estimates improved by the tro-
pospheric ties indicate the advantage to apply tropospheric
ties in future VLBI processing, especially considering that
the VLBI is the only technique capable of determining UT1-
UTC and CPO. The enhanced EOP product from IVS can
better serve the monitoring of the Earth dynamic system.
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