
1. Introduction
Earth Orientation Parameters (EOPs) describe the change of the orientation of the Earth with respect to space 
and give the transformation between the International Celestial Reference Frame (Charlot et al., 2020) and the 
International Terrestrial Reference Frame (Altamimi et al., 2016). Accurate EOP information is important for 
positioning and navigation on the Earth and for space exploration missions, in particular for real-time applica-
tions. Currently, the EOPs are determined mainly by four space geodetic techniques including Global Navigation 
Satellite Systems (GNSSs) and Very Long Baseline Interferometry (VLBI) (Bizouard et al., 2018). The latter 
realizes uniquely the celestial pole offsets and Universal Time 1-Coordinate Universal Time (UT1-UTC), thanks 
to its precise observation to Active Galactic Nuclei (AGN). The 24-hr VLBI sessions are usually conducted 
two or three times per week with networks of globally distributed radio telescopes, and provide high-precision 
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Plain Language Summary Universal Time 1-Coordinate Universal Time (UT1-UTC) gives the 
time difference of UT1, defined by Earth's rotation, and UTC, defined by atomic clocks. UT1-UTC is essential 
for real-time navigation and space exploration. The variation of the first-order negative time derivative of 
UT1-UTC, Length of Day (LOD), is induced by mass redistribution, including tides of the solid Earth and 
oceans, the liquid core of the Earth and atmospheric variation, and climate events such as El Niño. Very Long 
Baseline Interferometry (VLBI) observing active galactic nuclei is the only space geodetic technique that can 
determine UT1-UTC unambiguously. The 1-hr intensive (INT) sessions, designed for the rapid determination 
and densification of UT1-UTC, are performed daily with two VLBI radio telescopes. Due to the limited 
observation geometry, tropospheric gradients cannot be modeled in INT sessions, deteriorating UT1-UTC 
estimates. We demonstrate an improvement of 10%–30% in LOD by applying tropospheric ties at VLBI and 
Global Navigation Satellite Systems co-locations, especially the tropospheric gradients ties. Tropospheric 
gradient ties also introduce a systematic effect of −3 to −5 μs on UT1-UTC, especially the east gradient. Our 
study shows that tropospheric ties should be adopted in future VLBI analysis for optimal UT1-UTC products.
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EOP estimates, for instance, with a precision of about 5 μs for UT1-UTC (Böckmann et al., 2010; Gambis & 
Luzum, 2011). However, 24-hr sessions usually have a latency of about 2 weeks due to the data transportation 
and processing. The latency prohibits the optimal support of the short-term EOP prediction, especially in the case 
of UT1-UTC, which exhibits rapid variations caused by various geophysical excitations. Hence, the UT1-UTC 
precision for 10-day prediction is only around 1 ms (Johnson et al., 2005; Kalarus et al., 2010; Niedzielski & 
Kosek, 2007; Ray, 1996), which is equivalent to an 0.5 m arc on the Earth's surface.

For the rapid determination of UT1-UTC, intensive (INT) sessions using two to three VLBI radio telescopes 
observing for 1 hr have been conducted since 1984 (Robertson et al., 1985). These INT sessions are designed to 
be particularly sensitive to UT1-UTC due to the long east-west extension of the involved baseline, and the short 
observing time enables quick data transportation and processing. They also contribute to the densification of 
daily UT1-UTC of the IERS EOP products, which are commonly used to investigate geophysical pheonomeon 
(Duan & Huang, 2020).

Since 2001, two types of INT sessions have been coordinated by the International VLBI Service (IVS) (Nothnagel 
et al., 2016), and the results are available within hours after observing (Sekido et al., 2008). INT1 sessions are 
observed at around 18:30 UT from Monday to Friday employing radio telescopes in Kokee Park (Hawaii, USA) 
and Wettzell (Germany), and INT2 sessions are observed at 07:00 UT on Saturdays and Sundays between radio 
telescopes in Tsukuba (Japan) and Wettzell. INT3 sessions between radio telescopes in Tsukuba, Ny-Ålesund 
(Norway), and Wettzell are observed on Mondays at around 07:00 UT, bridging the gap between Sunday morning 
and Monday afternoon (Luzum & Nothnagel, 2010). In addition, VLBI intensive sessions are performed in USA 
and Russia to provide UT1-UTC in support of their national GNSS. The Russian INT sessions (RuI) (Shuygina 
et  al.,  2019) are observed daily since 2012, between Badary (Eastern Siberia), Svetloe (St. Petersburg), and 
Zelenchukskaya (Northern Caucasus). The observations are usually available within hours after observing (ftp://
quasar.ipa.nw.ru/). Recently, VLBI stations equipped with the new VLBI Global Observing System (VGOS) 
technology were developed, which utilize very fast-slewing telescopes and broadband receiving systems (Niell 
et al., 2018; Petrachenko et al., 2012), and thus, provide more observations per time with higher precision. These 
VGOS stations participate in INT observing, such as VGOS-B sessions with baselines between Ishioka and the 
Onsala twin telescopes (Haas et al., 2021), and VGOS-2 sessions between the KOKEE12M telescope in Kokee 
Park and WETTZ13S telescope in Wettzell. Both IVS and RuI contribute to the International Earth Rotation 
Service (IERS) combined EOP product, for example, IERS EOP C04 (Bizouard et al., 2018).

Due to the design of two to three VLBI radio telescopes forming long east-west baselines and observing for 
1  hr, INT sessions have limited observation geometry, as the observations are concentrated on a small slice 
of the sky that is in common view of the stations. To achieve robust estimates, a special processing strategy is 
followed. Coordinates of ground stations and AGN are fixed to the a priori values, and only UT1-UTC is esti-
mated while polar motion and celestial pole offsets are fixed. Persistent efforts were made to investigate and 
improve UT1-UTC estimates based on INT sessions, including optimized scheduling strategies (Artz et al., 2012; 
Baver & Gipson, 2020; Gipson & Baver, 2015; Kareinen et al., 2017; Schartner et al., 2021, 2022), the impact 
of a priori EOP (mainly polar motion and celestial pole offsets) (Malkin, 2011; Nothnagel & Schnell, 2008) and 
seasonal station motions (Malkin, 2013), automated processing (Hobiger et al., 2011; Kareinen et al., 2015), and 
the combination with GNSS (Hellmers et al., 2019; Thaller et al., 2008).

Another important factor for INT session analyses is the atmospheric refraction modeling, especially tropo-
spheric gradients which cannot be estimated due to the limited geometry, consequently causing systematic errors 
in UT1-UTC (Nilsson et al., 2011). On the one hand, zenith tropospheric delays (ZTDs) from Numerical Weather 
Models (NWM) agree with those from VLBI at the level of 1–2 cm (Heinkelmann et al., 2007; Soja et al., 2015; 
Teke et al., 2011, 2012) and can be used to improve the analysis of INT sessions (Böhm et al., 2010; Landskron 
& Böhm, 2019; Nafisi et al., 2012), where slight improvements are achieved. On the other hand, ZTD of GNSS 
agree with those of VLBI at the level of 4–6 mm (Puente et al., 2021; Teke et al., 2013; Wang, 2021) and can 
also be used in VLBI analysis. Teke et al. (2015) investigated the impact of using tropospheric gradients from 
GNSS in INT1 and INT2 sessions with data from 2008 to 2014 and demonstrated an improvement of up to 1 μs 
when compared to GNSS Length of Day (LOD, the negative time derivative of UT1-UTC). Nilsson et al. (2017) 
demonstrated that using GNSS tropospheric gradients with proper weights, UT1-UTC of INT sessions from 2002 
to 2015 is improved by 5% when compared to concurrent 24-hr sessions, and the corresponding LOD is improved 
by 12% when compared to GNSS LOD. Applying tropospheric ties between GNSS and VLBI can also improve 
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the VLBI station coordinates and EOPs of 24-hr sessions (Diamantidis 
et al., 2021; Hobiger & Otsubo, 2014; Krügel et al., 2007; Wang, 2021; Wang 
et al., 2022).

In this study, we investigate the impact of GNSS–VLBI tropospheric ties on 
UT1-UTC estimates of INT sessions. Unlike previous studies where GNSS 
and VLBI observations were processed separately using different software, 
such as Teke et al. (2015) and Nilsson et al. (2017), we process GNSS and 
VLBI observations simultaneously with a common least-squares estimator. 
Such a rigorous combination on the observation level allows for the highest 
consistency between GNSS and VLBI in terms of modeling, parameteriza-
tion, and estimation. Our previous study (Wang et al., 2022) shows that the 
VLBI 24-hr sessions benefit from the tropospheric ties in such an integrated 
solution, as both the VLBI TRF and all EOP components are improved. 
We thus extend the method to INT sessions over 20 years. Unlike the 24-hr 
sessions with a global network, which mainly serve for reference frames 
and EOP determination, the INT sessions are only for UT1-UTC estimation 
and has its own limitation and corresponding special processing strategy, 
especially in tropospheric delay modeling. We thus aim at investigating (a) 
whether the tropospheric ties can improve UT1-UTC and (b) which tropo-
spheric component could cause systematic effects and how large it is. The 
latter one also shows the systematic biases in the current IVS INT products.

Moreover, our investigation includes not only INT1 and INT2 between 
Tsukuba and Wettzell, but also INT2 between Ishioka and Wettzell and 
between Mauna Kea and Wettzell, VGOS-2, and RuI, which have not been 
thoroughly studied. We evaluate our results using not only the IERS EOP 

products but also GNSS LOD, including that of the International GNSS Service (IGS) (Johnston et al., 2017) 
combination and the Center for Orbit Determination in Europe (CODE, hereafter COD). Last but not the least, 
we quantify the impact of tropospheric zenith delay and gradients on UT1-UTC in various types of INT sessions 
using multiple linear regression analysis.

Following this introduction, the various INT sessions are presented in Section 2, together with data processing 
strategies of VLBI and GNSS observations. In Section 3 we evaluate the agreement of UT1-UTC and LOD with 
both IERS EOP 14C04 (Bizouard et al., 2018) and GNSS LOD. Section 4 concludes this manuscript by summa-
rizing major findings and presenting future perspectives.

2. Data and Method
2.1. VLBI Intensive Sessions

This section describes the types of INT sessions grouped by network geometry. The station information is given 
in Table 1 and Figure 1. The number of sessions is given in Section 3. Note that INT1 usually refers to sessions 
observed from Monday to Friday at around 18:30 or 18:45 UTC, INT2 sessions refer to sessions observed on 
Saturday and Sunday at around 07:30 UTC.

The first group is between radio telescopes in Kokee Park and Wettzell, including KkWz (2-char station code of 
IVS) INT1 between KOKEE and WETTZELL (8-char station name of IVS, see also Table 1) from 2001 to 2021, 
K2Ws VGOS-2 between KOKEE12M and WETTZ13S in 2020 and 2021, and a few KkWnWz INT1 sessions 
between KOKEE, WETTZELL and WETTZ13N from 2017 to 2019.

The second group is between radio telescopes in Japan and Germany, mostly observed on weekends as INT2, 
including TsWz INT2 between TSUKUB32 and WETTZELL from 2004 to 2016 and IsWz between ISHIOKA 
and WETTZELL from 2016 to 2021, and a few KbWz sessions between KASHIM34 and WETTZELL from 
2007 to 2018.

VLBI radio telescope

GNSS LocationIVS name IVS code

BADARY Bd BADG Badary, Eastern Siberia, Russia

ISHIOKA Is ISHI Ishioka, Japan

KOKEE Kk KOKB Kokee Park, Hawaii, USA

KOKEE12M K2 KOKB Kokee Park, Hawaii, USA

KASHIM34 Kb KSMV Kashima, Japan

MK-VLBA Mk MKEA Mauna Kea, Hawaii, USA

SVETLOE Sv SVTL Svetloe, Leningrad, Russia

TSUKUB32 Ts TSKB Tsukuba, Japan

WETTZ13N Wn WTZR Wettzell, Germany

WETTZ13S Ws WTZR Wettzell, Germany

WETTZELL Wz WTZR Wettzell, Germany

ZELENCHK Zc ZECK Zelenchukskaya, Northern 
Caucasus, Russia

Note. The horizontal and vertical distances between GNSS and VLBI 
co-located stations are all within 300 and 20 m, respectively.

Table 1 
List of Very Long Baseline Interferometry (VLBI) Radio Telescopes in 
Intensive (INT) Sessions and the Global Navigation Satellite System (GNSS) 
Co-Location Stations Investigated in This Study
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In addition, the MkWz sessions between MK-VLBA and WETTZELL are observed mostly at 07:30 UTC on 
weekends as INT2, or occasionally at 18:30 UTC on weekdays as INT1, from 2019 to 2021. They are referred to 
as INT2 in this study.

The last group refers to the RuI, including BdZc between BADARY and ZELENCHK from 2010 to 2021, and 
BdSv between BADARY and SVETLOE. Most of the RuI are observed at around 19:00 UTC.

Note that we classify the sessions based on the baseline geometry instead of the observing time. Occasionally, 
the TsWz, IsWz, and MkWz baselines are observed on weekdays and labeled as INT1, and very rarely the KkWz 
baseline is observed on weekends. In this study, all the sessions of KkWz are referred to as INT1, and those of 
TsWz, IsWz, and MkWz as INT2.

2.2. Data Processing Strategy

The GNSS and VLBI observations are processed using the Positioning And Navigation Data Analyst (PANDA) 
software (Liu & Ge,  2003). PANDA is a GNSS data processing tool, capable of precise GNSS data analy-
sis including orbit determination of multi-GNSS satellites (He et al., 2013; Liu et al., 2016) and LEO (Geng 
et al., 2008), real-time precise clock estimation (Zuo et al., 2021), and precise positioning and atmospheric sound-
ing (Penna et al., 2018; Wang & Liu, 2019; Wang et al., 2019). It was recently upgraded to process VLBI and 
SLR observations (Wang, 2021; Wang et al., 2022), aiming at the goal of multi-technique integrated processing 
on the observation level.

Table 2 gives the data processing strategy. Note that GNSS and VLBI observations are always processed by a 
common least-squares estimator. We adopt a module of the Potsdam Open Source Radio Interferometry Tool 
(Schuh et al., 2021) to read VGOS-DB files and output the observations into NGS-card format for sessions after 
2017 as the VGOS-DB format is adopted by IVS for this period.

2.3. Modeling Atmospheric Refraction

In GNSS and VLBI data analysis, the tropospheric delay 𝐴𝐴 𝐴𝐴(𝑒𝑒𝑒 𝑒𝑒) in the slant direction with elevation 𝐴𝐴 𝐴𝐴 and 
azimuth 𝐴𝐴 𝐴𝐴 can be described as

𝐿𝐿(𝑒𝑒𝑒 𝑒𝑒) = 𝑚𝑚𝑚𝑚ℎ(𝑒𝑒) ⋅ ZHD + 𝑚𝑚𝑚𝑚𝑤𝑤(𝑒𝑒) ⋅ (ZWD0 + ∆ZWD) + 𝑚𝑚𝑚𝑚𝑔𝑔(𝑒𝑒) ⋅ (cos(𝑒𝑒) ⋅ GN + sin(𝑒𝑒) ⋅ 𝐺𝐺𝐺𝐺) (1)

where 𝐴𝐴 ZHD and 𝐴𝐴 ZWD0 denote the a priori zenith hydrostatic and wet delays (ZHD and ZWD), respectively; 
𝐴𝐴 ∆ZWD is the residual ZWD that is estimated; 𝐴𝐴 𝐴𝐴𝐴𝐴ℎ(𝑒𝑒) and 𝐴𝐴 𝐴𝐴𝐴𝐴𝑤𝑤(𝑒𝑒) are the corresponding hydrostatic and wet 

Figure 1. Intensive sessions investigated in this study and the corresponding geographical distribution of Very Long Baseline 
Interferometry radio telescopes.
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mapping functions. 𝐴𝐴 𝐴𝐴𝐴𝐴 and 𝐴𝐴 𝐴𝐴𝐴𝐴 are the north and east total gradients, respectively, and 𝐴𝐴 𝐴𝐴𝐴𝐴𝑔𝑔(𝑒𝑒) is the gradient 
mapping function.

In this study, the 6-hourly sampled VMF3 station-specific product is used to provide a priori ZHD and ZWD, and 
VMF3 is used for mapping functions (Landskron & Böhm, 2017). Residual ZWD and gradients are estimated as 
1-hourly piece-wise-constant, and the Chen and Herring (1997) gradient mapping function is adopted.

For co-located GNSS and VLBI stations, the tropospheric delay can be considered as the same after considering the 
topography-related and instrument-related differences. We correct the first by using VMF3 station-specific prod-
uct (Landskron & Böhm, 2017) for a priori zenith delays and mapping functions, whereas the latter is ignored in 
INT sessions, following previous studies (Nilsson et al., 2017; Teke et al., 2015). Unlike the 24-hr session analysis 
where instrument-related tropospheric tie biases can be estimated as unknown (Diamantidis et al., 2021; Hobiger & 
Otsubo, 2014; Wang et al., 2022), it is not optimal to do so in INT sessions. The reason is that INT sessions with 
one-hour observations from two to three stations have limited observation geometry, and estimating one bias for each 
tropospheric component per session has the same effect as not applying any tropospheric ties. As the height-related 
tropospheric ties are applied by using the a priori delays from VMF3, we tightly constrain the residual ZWD and gradi-
ents at co-located GNSS and VLBI stations to be equal using pseudo-observations, with an uncertainty of 0.01 mm.

We investigate different scenarios including (a) VLBI stations without and with tropospheric gradient modeling 
and estimation, coded as “G0” and “G1”, respectively, and (b) different options of applying tropospheric ties 
between GNSS and VLBI, “NT” for not applying any ties, “ZT” for ZTD ties only, “GT” for gradient ties only, 
and “AT” for atmospheric ties applied, that is, both ZTD and gradient ties. Note that when tropospheric gradients 
are estimated for VLBI stations, gradient ties are always applied since gradients cannot be very well estimated 
using VLBI-only observations in INT sessions. Concluding, the following four scenarios are designed.

•  G0NT: no tropospheric gradients for VLBI stations, no ties applied.
•  G0ZT: no tropospheric gradients for VLBI stations, ZTD ties applied.
•  G1GT: tropospheric gradient ties applied between GNSS and VLBI.
•  G1AT: both ZTD and gradient ties applied between GNSS and VLBI.

Item VLBI GNSS

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

Observable All S-band ionosphere-free calibrated X-band group delays 
with the quality code “0”

Un-differenced ionosphere-free linear combination of GPS L1 and L2 
phase and pseudo-range observations

Weighting Constant (0.01 m) + observation noise + ionospheric delay 
noise

0.01 and 1.0 m for ionosphere-free combined phase and range, respectively; 
elevation-dependent down-weighting for elevation 𝐴𝐴 𝐴𝐴  < 30°: 𝐴𝐴 1∕(2 sin 𝑒𝑒)

Cut-off elevation No 5°

Celestial parameters AGN coordinates fixed to ICRF3 (Charlot et al., 2020) Satellite orbits and clocks fixed to the IGS 2nd reprocessing (before 2014) 
and operational products (after 2014)

Terrestrial parameters Fixed to ITRF2014 (Altamimi et al., 2016) or Mikschi 
et al. (2021)

Estimated as daily constant

Clock Linear function Epoch-wise white noise

Ionospheric delay First-order correction from observation file, no higher-order 
considered

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

Instrument-related Thermal deformation and axis offset corrected, cable 
calibration from observation file

Receiver and satellite PCV&PCO corrected using IGS14.atx (Rebischung 
& Schmid, 2016), differential code bias from COD product

EOP estimation Polar motion and celestial pole offsets fixed to IERS EOP 
14C04, UT1-UTC estimated as constant

No

Ephemeris JPL DE405

Station displacements IERS 2010 Conventions (Petit & Luzum, 2010) adopted for solid Earth tides, ocean tides, pole tide, ocean pole tide, and S1-S2 tidal 
atmospheric pressure loading

EOP modeling A priori value from the IERS EOP 14C04; sub-daily models follow the IERS 2010 Conventions

Table 2 
Processing Strategy of Global Navigation Satellite System (GNSS) and Very Long Baseline Interferometry (VLBI) Integrated Solution of Intensive (INT) Sessions
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2.4. Reference Solution

UT1-UTC estimates are usually evaluated by comparing to one of the IERS EOP products. In this study we use 
the IERS EOP 14C04 product (hereafter 14C04). Being a combination of different space geodetic techniques 
provided by various Analysis Centers (ACs), 14C04 includes UT1-UTC estimates of VLBI INT sessions and 
thus, cannot be seen as an independent reference. Note that IVS ACs ignore tropospheric gradients and do not 
apply GNSS–VLBI tropospheric ties in INT session analysis. Previous studies also showed that improvements 
can hardly be illustrated using 14C04 as a reference (Teke et al., 2015).

Moreover, UT1-UTC estimates can be indirectly evaluated via LOD obtained by differential quotients of 
UT1-UTC from successive sessions. GNSS provides very precise LOD estimates thanks to its continuous 
observations collected from a globally distributed network, and the GNSS LOD is commonly used to evaluate 
UT1-UTC indirectly (Böhm et al., 2010; Landskron & Böhm, 2019; Nilsson et al., 2017; Teke et al., 2015). 
GNSS LOD, however, is stable on short time scales only, but suffers from spurious drifts on longer time scales 
(Ray, 1996; Ray et al., 2005; Rebischung et al., 2016). Systematic biases can be reduced by optimizing satellite 
solar radiation pressure modeling (Zajdel et al., 2020), or adopting a longer data processing arc, for instance, 
using 3-day instead of 1-day arcs (Lutz et al., 2015). However, the instabilities can hardly be fully removed using 
GNSS-only observations.

We use three LOD products in the evaluation, including (a) 14C04 product, (b) IGS weekly combined prod-
uct, and (c) CCOD 3-day solution (Noll, 2010). IGS LOD is a combination of several ACs, and long-term 
biases are removed using the IERS Bulletin A product, which makes it not a “pure” GNSS solution (Mireault 
et al., 1999; Rebischung et al., 2016). COD LOD product is determined using GNSS observations only, and 
hence, systematic biases still exist, as shown in Figure 2. For both IGS and COD products, we use the esti-
mates of the IGS second reprocessing campaign before 2014 (Griffiths, 2018), and thereafter the operational 
product.

For comparison of both UT1-UTC and LOD, we first remove the effect of zonal tides of the reference product 
and then linearly interpolate to the middle epoch of an INT session. As LOD is not directly estimable in one INT 
session due to the short time, we use two consecutive sessions within 1.2 days to determine LOD, which refers to 
the middle of these two sessions. For each type of INT session, we calculate the UT1-UTC and LOD differences 
to reference products and evaluate the results using the weighted average (WAVG), weighted standard deviation 
(WSTD), and weighted root mean square (WRMS) of the differences.

Figure 2. Length of Day (LOD) differences between Center for Orbit Determination in Europe (COD) and International Global Navigation Satellite System Service 
(IGS) products from 2001 to 2021.
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𝐴𝐴 ∆𝑥𝑥𝑖𝑖 is UT1-UTC (or LOD) difference of the 𝐴𝐴 𝐴𝐴th estimate and 𝐴𝐴 𝐴𝐴𝑖𝑖 is the corresponding weight, derived from the 
formal error. We present all three statistics, but focus on the WSTD values for precision evaluation because the 
systematic bias might be caused by the reference product.

We do not consider sessions if (a) less than six observations are available, (b) the UT1-UTC difference compared 
to 14C04 is larger than 150 μs, or (c) the UT1-UTC difference is not within five times of the WRMS value. Note 
that if one session is considered as an outlier in one scenario, it is removed from all scenarios, so that we keep the 
identical sessions in different scenarios.

2.5. Linear Regression Analysis

To further quantify the impact of different tropospheric delay components on UT1-UTC, we perform the linear 
regression analysis of the UT1-UTC differences to the tropospheric parameter differences before and after apply-
ing tropospheric ties, specifically, between solution G0NT and solution G1AT. In solution G0NT tropospheric 
gradients are not estimated, that is, gradients are fixed to be zero. Such an investigation was also performed by 
Nilsson et al. (2011) and Teke et al. (2015), where the sum of east gradients at two VLBI radio telescopes was 
used to apply a simple regression analysis.

∆(UT1 − UTC) = 𝛼𝛼 + 𝛽𝛽 ⋅ (∆GE1 + ∆GE2) (3)

𝐴𝐴 ∆(UT1 − UTC) denotes the UT1-UTC difference between two solutions, 𝐴𝐴 ∆GE1 and 𝐴𝐴 ∆GE2 denote the correspond-
ing east gradient differences at two VLBI radio telescopes, and 𝐴𝐴 (𝛼𝛼𝛼 𝛼𝛼) are the regression coefficients to be fitted.

Similarly, multiple linear regression is adopted for a type of INT session with 𝐴𝐴 nsta stations.

∆(UT1 − UTC) =
∑nsta

�=1
(�� ⋅ ∆ZWD� + �� ⋅ ∆GN� + �� ⋅ ∆GE�) (4)

𝐴𝐴 ∆ZWD𝑖𝑖 , 𝐴𝐴 ∆GN𝑖𝑖 , and 𝐴𝐴 ∆GE𝑖𝑖 denote the differences of ZWD, north gradient, and east gradient at 𝐴𝐴 𝐴𝐴th station, respec-
tively, and 𝐴𝐴 (𝑎𝑎𝑖𝑖, 𝑏𝑏𝑖𝑖, 𝑐𝑐𝑖𝑖) are the regression coefficients.

It is worth mentioning that the regression analysis presents the impact of tropospheric parameters from a statis-
tical perspective, that is, the empirically fitted coefficients can better represent the real situation, which might 
differ from those determined in the theoretical analysis (such as investigating partial derivatives) due to the corre-
lation between clocks, tropospheric parameters, and UT1-UTC in data processing, especially in the INT sessions 
with limited observation geometry.

3. Results and Discussions
In this section, we present the impact of tropospheric ties on the estimated UT1-UTC in different types of INT 
sessions, grouped by baseline geometry (see Section 2.1). The number of UT1-UTC and LOD for each type of 
INT sessions in Figures 3–8 is also given in Figure S1 in the Supporting Information. The regression analysis of 
all types is given at the end.
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3.1. INT1 and VGOS-2: Sessions Between Kokee Park and Wettzell

Figure 3 presents the agreement of UT1-UTC and LOD for sessions between Kokee Park and Wettzell. Agree-
ment of UT1-UTC to 14C04 is given in the left panels, including KkWz (INT1), KkWnWz (INT1), and K2Ws 
(VGOS-2) from top to bottom. On the one hand, applying gradient ties introduces systematic negative biases in 
UT1-UTC for all three types of sessions, as the WAVG value in solution G0NT is reduced from 3.2, –5.7, and 
0.3 μs to 0.2, −11.4, and −3.3 μs in solution G1GT for KkWz, KkWnWz, and K2Ws sessions, respectively. On 
the other hand, the impact of gradient ties on WSTD is less than 1 μs for both KkWz and KkWnWz sessions, 
whereas the agreement of K2Ws sessions is improved by 15%, with the value reduced from 22.7 μs (G0NT) to 

Figure 3. Agreement of Universal Time 1-Coordinate Universal Time (UT1-UTC) and Length of Day (LOD) of intensive (INT) sessions with baseline between Kokee 
Park and Wettzell radio telescopes. Left to right: UT1-UTC compared to 14C04, LOD compared to 14C04, LOD compared to International Global Navigation Satellite 
System Service (IGS) product, and LOD compared to Center for Orbit Determination in Europe (COD) product. Top to bottom: KkWz (INT1), KkWnWz (INT1), 
and K2Ws (VGOS-2). In each panel, the number of pairs is given, and the statistics include the weighted mean (WAVG), weighted standard deviation (WSTD), and 
weighted root mean square (WRMS). The error bars give the uncertainty of each statistic.
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19.2 μs (G1GT). Applying ZTD ties has a small impact on UT1-UTC, which is usually negative since WSTD 
gets larger.

The impact of tropospheric ties on the agreement of LOD compared to 14C04 generally follows that of 
UT1-UTC. For both KkWnWz and KkWz sessions, applying ZTD ties only or gradient ties only, or apply-
ing them together usually causes a WSTD variation of less than 1  μs/day, which is relatively small as the 
WSTD is between 25  and 30  μs/day. However, we notice the exception of KkWnWz sessions when only 
gradient ties are applied, where the agreement is improved by 13%, with WSTD reduced from 26.5  μs/day 
(G0NT) to 23.1 μs/day (G1GT). The K2Ws sessions show a much better agreement to 14C04 LOD after apply-
ing tropospheric ties, with the WSTD value reduced from 27.1  μs/day (G0NT) to 24.3  μs/day by ZTD ties 
(G0ZT, 10%), 22.4 μs/day by gradient ties (G1GT, 17%), and 21.2 μs/day by ZTD and gradient ties together  
(G1AT, 22%).

The impact of tropospheric ties on LOD agreement to GNSS products is more significant. Applying ZTD 
ties degrades the agreement of KkWz sessions by 5%–6% in terms of WSTD, whereas applying gradient ties 
improves them by 4% and 7% when compared to IGS and COD products, respectively, and the correspond-
ing improvement is 7% and 9% if both ZTD and gradient ties are applied. Both KkWnWz and K2Ws show a 
better LOD agreement to GNSS LOD after applying tropospheric ties. The KkWnWz sessions are improved 
by 5%–15%, depending on how tropospheric ties are applied. K2Ws sessions are improved by 12% and around 
30% due to ZTD and gradient ties, respectively. The large LOD bias between INT sessions and the COD prod-
uct is caused by the systematic biases of the latter (see Section 2.4), and will not be discussed in the following 
comparisons.

Noticing the long-term systematic time-varying LOD bias between COD and IGS products presented in Figure 2, 
we further investigate the yearly LOD agreement between KkWz sessions and the COD product. For each year we 
calculate the WSTD of LOD differences and apply the same outlier detection as described in Section 2.4. Figure 4 
gives yearly WSTD statistics. On average, applying ZTD ties degrades the agreement by 1.2 μs/day (around 5%), 
whereas applying gradient ties and tropospheric ties (both ZTD and gradients) improves the agreement by 1.5 μs/
day (6%) and 2.5 μs/day (10%), respectively. The uncertainty is within 0.4 μs/day. Moreover, the impact of trop-
ospheric ties varies with time. Solution G1AT has a larger WSTD than solution G0NT before 2006, which could 

Figure 4. Yearly weighted standard deviation of Length of Day (LOD) differences between KkWz INT1 sessions and Center 
for Orbit Determination in Europe (COD) product. Uncertainties are given in error bars.
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be explained by (a) the precision of COD LOD keeps improving in this period, especially before 2004 due to the 
increase of stations in data processing (see Figures 1 and 4 of Rebischung et al. (2016)), (b) the quality of IGS 
orbits and clocks keeps improving in this period (see Figures 4 and 9 of Griffiths (2018)), indicating that GNSS 
tropospheric estimates are also improving in the first few years.

3.2. INT2 Sessions Between Japan and Wettzell

Figure 5 presents the agreement of UT1-UTC and LOD for INT2, mainly TsWz and IsWz sessions, and a few 
KbWz sessions. As shown in the left panels, the UT1-UTC agreement to 14C04 of neither TsWz nor IsWz 
sessions is improved when applying tropospheric ties, and the WSTD values are even slightly increased by less 
than 2 μs. The 18 KbWz sessions also show larger WSTD values after applying tropospheric ties. Similar to the 

Figure 5. Agreement of Universal Time 1-Coordinate Universal Time (UT1-UTC) and Length of Day (LOD) of INT2 sessions including TsWz (2004–2014), IsWz 
(2016–2021), and KbWz (2008–2017). Left to right: UT1-UTC compared to 14C04, LOD compared to 14C04, LOD compared to International GNSS Service (IGS) 
product, and LOD compared to Center for Orbit Determination in Europe (COD) product.
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sessions between radio telescopes in Kokee Park and those in Wettzell, applying gradient ties also introduces a 
negative systematic bias of −3 to −5 μs in UT1-UTC for TsWz, IsWz, and KbWz sessions.

When compared to the 14C04 LOD, the WSTD of TsWz sessions is around 18 μs/day, and applying tropospheric 
ties introduces a variation of less than 1 μs/day. The WSTD of IsWz sessions is around 24 μs/day, and applying 
gradient ties reduces the value to 20.7 μs/day, that is, 14% improvement. The KbWz sessions have a smaller 
WSTD if ZTD or gradient ties are applied, but a larger value when both ZTD and gradient ties are applied, despite 
the large uncertainty.

Figure 6. Yearly weighted standard deviation of Length of Day (LOD) differences between INT2 (TsWz) sessions and 
Center for Orbit Determination in Europe (COD) product. The uncertainty is given in the error bar.

Figure 7. Results of Universal Time 1-Coordinate Universal Time (UT1-UTC) and Length of Day (LOD) for INT2 sessions between MK-VLBA and WETTZELL 
radio telescopes. Left to right: UT1-UTC compared to 14C04, LOD compared to 14C04, LOD compared to International GNSS Service (IGS) product, and LOD 
compared to Center for Orbit Determination in Europe (COD) product. The uncertainty is given in the error bar.



Journal of Geophysical Research: Solid Earth

WANG ET AL.

10.1029/2022JB025228

12 of 19

Comparing to GNSS LOD, both TsWz and IsWz sessions show significantly improved agreements by gradi-
ent ties by around 20% in terms of WSTD, while the impact of ZTD ties is within 1 μs/day, that is, deteri-
oration for TsWz but improvement for IsWz sessions. The negative impact of ZTD ties for both KkWz and 
TsWz sessions was also reported by Nilsson et al. (2017). Moreover, TsWz sessions have a better agreement 
with GNSS LOD than the IsWz sessions by around 5 μs/day. As these two types of sessions are observed in 
different periods, that is, from 2004 to 2016 and after 2016, it is not easy to conclude which one performs 
better. The LOD of KbWz sessions is improved by tropospheric ties in general, even though the uncertainty 
is quite large.

Figure 6 gives the yearly LOD agreement between TsWz and the COD product from 2004 to 2016. Similar to the 
performance of KkWz sessions in Figure 4, TsWz sessions show a better agreement by tropospheric ties in most 
recent years, especially in 2013, 2015, and 2016 where the agreement improvement by gradient ties reaches up 
to 50%. The WAVG of all yearly WSTD values is reduced from 20.7 μs/day in solution G0NT to 16.1 μs/day in 
solution G1GT, and further to 15.8 μs/day in solution G1AT, with the uncertainty within 0.7 μs/day, again indi-
cating the significantly improved agreement introduced by gradient ties.

As the COD LOD does not show a large between-year variation (see Figure 2) in the period 2016 to 2021, we do 
not present the yearly WSTD for IsWz sessions in this period.

3.3. INT2 Sessions Between MK-VLBA and WETTZELL

Figure 7 provides the UT1-UTC results of another INT2 type, that is, between VLBI radio telescope of MK-VLBA 
and that of WETTZELL. The UT1-UTC agreement to 14C04 is not significantly changed by tropospheric ties, 

Figure 8. Results of Universal Time 1-Coordinate Universal Time (UT1-UTC) and Length of Day (LOD) for Russian BdZc (upper panels) and BdSv (lower panels) 
intensive sessions. Left to right: UT1-UTC compared to 14C04, LOD compared to 14C04, LOD compared to International GNSS Service (IGS) product, and LOD 
compared to Center for Orbit Determination in Europe (COD) product. The uncertainty is given in the error bar.
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and the STD value is around 25 μs. However, the MkWz sessions show a large systematic discrepancy to 14C04, 
with the WAVG value of 20 μs in solution G0NT. Schartner et al. (2022) reported similar biases (10–20 μs) in the 
comparison of IVS ACs to 14C04 from 2020 to August 2021, and the corresponding STD values vary between 
25 and 30 μs. Applying gradient ties introduces a negative systematic variation of around 3 μs in WAVG, which 
reduces the systematic bias to around 17 μs.

The LOD agreement with 14C04 is 15.1 μs/day in terms of WSTD, and applying ZTD or gradient ties has a small 
impact of less than 1 μs/day. In contrast, the impact of gradient ties is significantly beneficial when compared 
to GNSS LOD, and the agreement to IGS and COD products of G1GT to G0NT is improved by 28% and 24%, 
respectively. The impact of ZTD ties is rather small.

3.4. Russian INT Sessions Between Badary, Svetloe, and Zelenchukskaya

Figure  8 gives the results of UT1-UTC and LOD for RuI, including both BdZc (upper panels) and SvZc 
sessions (lower panels). The UT1-UTC agreement of these two types of sessions with 14C04 is around 45 μs, 
which is larger than that of IVS sessions (around 20–30 μs). This could be attributed to the relatively short 
baselines of these RuI. For BdZc sessions, applying ZTD ties improves the UT1-UTC agreement to 14C04 
slightly, whereas applying gradient ties does the opposite, despite the small variation of 2 μs (less than 4%). 
The BdSv sessions show a deteriorated agreement by ZTD ties and improved one by gradient ties, within a 
magnitude of 3–4 μs.

Inspecting the LOD agreement, the WSTD of BdZc sessions is around 50 μs/day with respect to both 14C04 and 
GNSS products, and applying tropospheric ties has a small impact as the variations are less than 2–3 μs/day. The 
BdSv sessions show a worse LOD agreement than the BdZc sessions when compared to the 14C04 product as the 
WSTD is around 58 μs/day. Despite the large uncertainty, applying ZTD and gradient ties causes deteriorated and 
improved agreements of 12%, respectively, which are demonstrated in the LOD comparisons with 14C04, IGS, 
and COD LOD products. Nevertheless, applying ZTD and gradient ties together improves the LOD agreement 
of BdSv sessions to COD product by 20%, as the WSTD is reduced from 52.1 μs/day (G0NT) to 41.9 μs/day 
(G1AT), with an uncertainty of around 4 μs/day.

3.5. Regression Analysis

In this section, we present the regression analysis results of the UT1-UTC differences to the tropospheric delay 
differences between solution G0NT and solution G1AT, that is, the solution with neither tropospheric gradients 
nor tropospheric ties, and that with both ZTD and gradient ties.

An illustration of the KkWz sessions between Kokee Park and Wettzell is presented in Figure  9. Neither 
zenith delays nor north gradients introduce systematic impact since the regression coefficients are within 3 μs/
mm. Considering that tropospheric gradients are usually less than 1 mm, this effect is negligible. However, 
UT1-UTC is largely affected by east gradients, and a 1 mm east gradient bias at Kokee Park or Wettzell causes 
a UT1-UTC change of 11–12 μs. Similar regression analysis was also presented before, such as 15 μs/mm by 
Böhm and Schuh (2007), 10–12 μs/mm by Nilsson et al. (2011), and 12.9 μs/mm by Teke et al. (2015), even 
though they fitted UT1-UTC differences as a function of the sum of east gradients at both stations. Moreover, 
both the single and multiple regression analyses in Figure 9 have comparable fitted coefficients, validating 
each other.

Figure 10 presents the regression analysis of the K2Ws (VGOS-2) sessions, sharing the same baseline geometry 
with KkWz sessions. Similar to KkWz sessions, the east gradients at both Kokee Park and Wettzell play a greater 
role in UT1-UTC estimates, and neither zenith delays nor north gradients introduce any systematic biases. The 
regression coefficient for the east gradient at Kokee Park (12.6 μs/mm) is comparable to that in KkWz sessions. 
However, the coefficient at Wettzell (25.1 μs/mm) is larger by a factor of two than that in KkWz sessions. The 
fitted coefficients agree well between the single and multiple regression analyses.
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Noticing that the contribution of east gradient at Wettzell to UT1-UTC is larger in K2Ws sessions than in KkWz 
sessions by a factor of two, we further investigate the observation geometry of these two types of sessions. 
Figure 11 depicts the distribution of observations at each radio telescope in KkWz and K2Ws sessions in 2021.

For K2Ws, the observations in the east direction account for 70% and 28% at KOKEE12M and WETTZ13S, 
respectively; whereas for KkWz the corresponding number at KOKEE and WETTZELL is 58% and 41%. The 
observation gap of K2Ws sessions is caused by the blockage of the sky at KOKEE12M by the KOKEE 20 m radio 
telescope, as the latter is located in the northwest, around 30 m away and 8 m higher (Niell et al., 2021). For all 
INT1 sessions from 2001 to 2021, the east-west distribution is more homogeneous, that is, 54% and 45% in east 
direction for KOKEE and WETTZELL, respectively.

Table 3 summarizes the linear regression coefficients for INT sessions investigated in this study. For KkWnWz 
sessions with two radio telescopes at Wettzell, it is not possible to fit the coefficients of tropospheric gradients for 
both WETTZ13N and WETTZELL radio telescopes simultaneously, as they have the same tropospheric gradient 
variations between solution G0NT and G1AT. We thus exclude WETTZELL in the regression analysis. Similar 
to the KkWz and K2Ws sessions, it is still the east gradient that has a larger impact on UT1-UTC.

Unlike INT1 sessions between Kokee Park and Wettzell, north gradients at stations of INT2 sessions between 
Japan and Wettzell also introduce a systematic bias to UT1-UTC estimates. The UT1-UTC differences caused 
by 1 mm north gradient in Tsukuba or Ishioka is 4–5 μs, and that in Wettzell is −5 to −7 μs. The impact of east 
gradients on UT1-UTC is smaller for INT2 sessions than that for INT1 sessions, as the regression coefficients 
are around 7 μs/mm for INT2 sessions, except for the WETTZELL radio telescope in IsWz sessions. One possi-
ble reason for the different sensitivities to north gradients in Japan-Wettzell sessions is the baseline geometry: 
the east-west extension of Kokee-Wettzell baseline is larger (173°) than that of Japan-Wettzell baseline (127°), 
and thus the observation geometry is not the same. The large uncertainty of coefficients at KbWz sessions is 
caused by the limited number of sessions, 18 in total. Sharing a similar baseline geometry, MkWz sessions have 

Figure 9. Linear regression analysis of Universal Time 1-Coordinate Universal Time (UT1-UTC) differences to tropospheric 
parameter differences between solution G0NT and G1AT for the KkWz (INT1) sessions, at KOKEE (upper panels) and 
WETTZELL (lower panels) radio telescopes. Left to right: analysis of ZWD, north gradient, and east gradient. The simple 
regression analysis is shown as the red line in each subplot, and the multiple regression analysis coefficient and uncertainty 
for each tropospheric delay component are given in the title of the corresponding subplot.
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comparable fitted coefficients with KkWz sessions. The RuI are more affected by the north gradient than the east 
one. For both BdZc and BdSv sessions, 1 mm north gradient at Badary leads to a bias in UT1-UTC of around 
14 μs, and that at the second station introduces a negative bias with comparable magnitude.

4. Conclusions and Perspective
We investigate the impact of tropospheric ties between GNSS and VLBI co-located stations on UT1-UTC esti-
mates in VLBI intensive sessions. Different types of INT sessions from 2001 to 2021 are analyzed, including 
those between Hawaii and Germany (INT1, INT2, and VGOS-2), between Japan and Germany (INT2), and RuI. 
A rigorous combination of GNSS and VLBI techniques on the observation level is performed, which assures the 
best consistency between the two techniques and is most suited to exploit the benefits of tropospheric ties.

Applying tropospheric ties improves the UT1-UTC estimates of INT1 (KkWz), INT2 (TsWz, IsWz, and MkWz), 
and VGOS-2 (K2Ws) sessions, but not of the RuI. However, the improvement can hardly be demonstrated if 
the IERS EOP 14C04 product is used as a reference, as only the K2Ws sessions show an improved agreement 
of 15%. The improvement is more significant when an indirect comparison to GNSS LOD is performed, as 
KkWz, TsWz, IsWz, MkWz, and K2Ws sessions are improved by 9%, 21%, 25%, 16%, and 32%, respectively, in 
terms of the WSTD agreement with COD LOD. The major contribution comes from tropospheric gradient ties, 
whereas applying only ZTD ties introduces a marginal improvement or even a deterioration, such as in KkWz 
and TsWz sessions. Applying tropospheric ties improves the LOD agreement with COD LOD for both KkWz and 
TsWz sessions after 2006, especially in the most recent years, whereas before 2006 the agreement is degraded, 
potentially caused by the relatively bad quality of GNSS products. Moreover, a systematic bias of −3 to −5 μs in 
UT1-UTC is introduced by gradient ties for the IVS INT sessions. The impact of tropospheric ties is quite small 
for the majority of RuI, that is, the BdZc sessions, whereas BdSv sessions are improved by 20%.

Figure 10. Linear regression analysis of Universal Time 1-Coordinate Universal Time (UT1-UTC) differences to 
tropospheric parameter differences between solution G0NT and G1AT for K2Ws (VGOS-2) sessions at KOKEE12M (upper 
panels) and WETTZ13S (lower panels) radio telescopes. Left to right: analysis of ZWD, north gradient, and east gradient. 
The simple regression analysis is shown as the red line in each subplot, and the multiple regression analysis coefficient and 
uncertainty for each tropospheric delay component are given in the title of the corresponding subplot.
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Multiple regression analysis shows that for sessions between Kokee Park and Wettzell, the east gradient intro-
duces a systematic bias in UT1-UTC estimates whereas the impact of ZTD and north gradients is negligible. 
Moreover, despite sharing the identical baseline geometry, K2Ws (VGOS-2) sessions are more sensitive to the 
east gradient at Wettzell than KkWz (INT1) sessions by a factor of two. For sessions between Japan and Germany, 

Figure 11. Distribution of observations for KkWz INT1 (upper panels) and K2Ws VGOS-2 (lower panels) sessions in 2021. 
Two Very Long Baseline Interferometry radio telescopes in Kokee Park (KOKEE and KOKEE12M in the left panels) and 
two in Wettzell (WETTZELL and WETTZ13S in the right panels).

INT ZWD [μs/mm] GN [μs/mm] GE [μs/mm]

KkWz −0.1 ± 0.0, 0.1 ± 0.0 2.0 ± 0.2, 2.7 ± 0.3 11.3 ± 0.2, 11.4 ± 0.3

K2Ws −0.3 ± 0.2, −1.2 ± 0.4 −3.1 ± 0.9, −3.4 ± 2.7 12.6 ± 0.9, 25.1 ± 1.2

KkWn(Wz) −0.7 ± 0.2, −0.0 ± 0.1 −2.0 ± 1.6, −0.9 ± 1.6 9.0 ± 1.9, 19.8 ± 4.3

TsWz 0.6 ± 0.0, −0.6 ± 0.1 5.5 ± 0.3, −7.4 ± 0.4 7.8 ± 0.3, 7.3 ± 0.4

IsWz 0.5 ± 0.1, −0.1 ± 0.1 4.3 ± 0.6, −5.2 ± 0.8 7.4 ± 0.6, 4.5 ± 0.9

KbWz 0.2 ± 0.4, −0.5 ± 0.9 6.1 ± 1.9, 7.4 ± 7.1 8.7 ± 1.9, 17.9 ± 4.4

MkWz 0.0 ± 0.1, −0.3 ± 0.2 −2.8 ± 0.9, 1.6 ± 1.6 11.1 ± 0.8, 16.6 ± 0.8

BdZc 0.7 ± 0.0, −0.6 ± 0.0 14.4 ± 0.4, −11.0 ± 0.3 2.1 ± 0.4, 7.9 ± 0.3

BdSv 1.0 ± 0.2, −0.7 ± 0.2 14.3 ± 1.3, −14.6 ± 1.4 9.2 ± 1.7, 8.5 ± 2.2

Note. The fitted coefficient and uncertainty for different VLBI radio telescopes are separated by a comma. For KkWnWz 
sessions, only one VLBI radio telescope in Wettzell is used in the fitting.

Table 3 
Linear Regression Coefficients of the Universal Time 1-Coordinate Universal Time (UT1-UTC) Differences to 
Tropospheric Parameter Differences Between Solution G0NT and G1AT



Journal of Geophysical Research: Solid Earth

WANG ET AL.

10.1029/2022JB025228

17 of 19

east and north gradients both cause systematic biases. The north gradient plays a greater role in causing system-
atic biases than the east one for RuI. Therefore, for the scheduling of future VLBI intensive sessions, the impact of 
tropospheric horizontal gradients should be considered, in addition to other factors such as the baseline geometry 
(Schartner et al., 2021, 2022). If GNSS co-location stations are not available or applying tropospheric ties is not 
feasible, then VLBI radio telescopes located in high tropospheric gradient region should be avoided.

Thus, a combination of GNSS and VLBI on the observation level is recommended. This procedure should be 
investigated for the further IVS operational processing and reprocessing, or at least external tropospheric delays 
from GNSS should be utilized. As the current IERS EOP 14C04 is not a proper reference to evaluate our results, 
this product still has space for further improvements. Ignoring the tropospheric tie biases related to instrument 
might be a reason for the deterioration after applying ZTD ties, and thus the long-term single-technique solutions 
should be performed using homogeneous strategies, and tropospheric tie biases should be carefully calibrated and 
applied in the integrated solution.

As we demonstrate that tropospheric ties can effectively improve the UT1-UTC in VLBI intensive sessions, 
applying additional ties, such as global ties (e.g., Hellmers et al., 2019), local ties, and clock ties (Hobiger & 
Otsubo, 2014) is expected to further improve the solutions. In this study, clock modeling strategies for GNSS and 
VLBI are different, and it is not possible to apply clock ties as common clocks are not available yet. Considering 
that GNSS has a much better observation geometry with more than six satellites tracked, it is possible to model 
clock as white noise and capture the high-frequency variations. Therefore, applying clock ties would potentially 
improve the VLBI estimates, and we will examine the impact of GNSS-VLBI clock ties in both intensive and 
24-hr sessions in simulations in further studies.

Data Availability Statement
The GNSS from IGS and VLBI observations from IVS are available at CDDIS (Noll,  2010), the reference 
UT1-UTC is provided by IERS (https://www.iers.org/IERS/EN/DataProducts/EarthOrientationData/eop.html), 
the NWM-derived tropospheric delay products are provided by TU Wien (http://doi.org/10.17616/R3RD2H).
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