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Abstract. The Earth Orientation Parameters (EOPs) are pub-
lished by the Earth Orientation Centre of the International
Earth Rotation and Reference Systems Service (IERS). They
are provided as the low-latency Bulletin A and the 30 d la-
tency long-term EOP time series IERS 14 C04. The EOPs
are a combined product derived from different geodetic
space techniques, namely Global Navigation Satellite Sys-
tems (GNSS), Satellite Laser Ranging (SLR) and Lunar
Laser Ranging (LLR), Doppler Orbitography and Radiopo-
sitioning Integrated by Satellite (DORIS) and Very Long
Baseline Interferometry (VLBI). Since not all techniques
are equally sensitive to every EOP, several parameters rely
on specific observation techniques. As an example, dUT1
can only be estimated from VLBI observations. This means
VLBI is an essential part of the estimation procedure for con-
sistent EOPs.

Within this paper, we are performing a combination of two
low-latency space geodetic techniques as they enable the es-
timation of the full set of Earth Rotation Parameters (ERPs;
polar motion, dUT1 and the corresponding rates). In partic-
ular, we focus on the development of a robust combination
scheme of 1 h VLBI Intensive sessions with so-called GNSS
Rapid solutions on the normal equation level of the Gauß-
Markov model. The aim of the study is to provide highly ac-
curate low-latency ERPs. So far, a latency of approximately
only 1–3 d cold be reached since the main limiting factor is
still the latency of the input data. The mathematical back-
ground of the applied algorithm is discussed in detail and
evaluated by numerical results of empirical investigations.
The combination yields a numerical stabilization of the equa-
tion system as well as an improvement (reduction) of the
corresponding root mean square deviation of the epoch-wise

estimated parameters w.r.t. the IERS 14 C04 reference time
series.

1 Introduction

Earth Orientation Parameters (EOPs) are usually derived
from the combination of the four space geodetic observation
techniques Global Navigation Satellite Systems (GNSS),
Satellite Laser Ranging (SLR), Doppler Orbitography Inte-
grated by Satellites (DORIS) and Very Long Baseline In-
terferometry (VLBI). The official EOP time series (terres-
trial pole offsets, dUT1, Length-of-Day and celestial pole
offsets) is provided by the Earth Orientation Centre of the
International Earth Rotation and Reference Systems Service
(IERS). The Earth Rotation Parameters (ERPs; terrestrial
pole offsets, dUT1, LOD) as a subset of the EOPs are pub-
lished in the Bulletin A (https://www.usno.navy.mil/USNO/
earth-orientation, last access: 27 November 2019) and IERS
14 C04 long term time series (Bizouard et al., 2019). Within
the study presented in this paper, we developed a procedure
to generate a time series of highly accurate ERPs with very
low latency. Due to the focus on the low latency, we limit our-
selves to a combination of GNSS and VLBI data. GNSS is
sensitive to all ERPs except dUT1 whereas VLBI allows the
consistent estimation of the full set of ERPs. Unlike GNSS,
which is available continuously (daily), the VLBI experi-
ments are organized 2–3 times per week as 24 h observa-
tion campaigns involving at least 2 and up to about 15 anten-
nas. Due to the computationally costly workflow of the data
analysis from the observation to the final product, the 24 h
sessions entail a long latency of approximately 2–3 weeks
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until the analysis results (NEQs and estimated parameters)
are published. To reduce this latency to 2 d or less, so-called
VLBI Intensive sessions are performed on a daily basis since
the early 1980s. Because of the shorter observation time in-
terval of only 1 h and a smaller station network of 2–3 anten-
nas, the VLBI Intensives allow a reliable estimation of dUT1
only and an accuracy level about 3 times lower compared to
the 24 h VLBI sessions (Thaller and Bachmann, 2015). The
VLBI Intensive accuracy level is roughly at the same level
as the error propagation within the GNSS products (Steigen-
berger, 2014). Moreover, the latency of the VLBI Intensive
data is in a better accordance with the latency of the different
GNSS products which varies from 1 d for the GNSS Rapid
solution to 5 d for the GNSS Final solution. In comparison
with the GNSS Rapid product, however, the GNSS Final so-
lution is advanced by introducing a stochastic model besides
the parameter estimates (e.g., Thaller, 2008; Schmid, 2009;
Seitz, 2009). The previous studies discuss the combination
of various space geodetic techniques by different methods:

1. The combination at the observation level of the Gauß-
Markov model: this approach is the most rigorous one
because consolidated observations from all techniques
can be weighted individually in one common adjust-
ment.

2. The combination at the normal equation (NEQ) level:
different NEQ systems are stacked (added) and a com-
bined NEQ is inverted after datum constraints are ap-
plied. This combination is less rigorous than the com-
bination on observation level since the single observa-
tion equation is not accessible anymore. However, if a
special attention is paid to an identical parameter set-up
and consistent background models, the combination on
NEQ level matches the combination on the observation
level closely. This approach enables a separate weight-
ing of the pre-processed technique-specific NEQs.

3. The combination at the solution level: this approach
combines parameters estimated separately from differ-
ent techniques. The processing scheme is based on
the solution (i.e. estimated parameters including their
variance-covariance information) from different adjust-
ments with different datum constraints, and thus, repre-
sents the least rigorous combination process.

A comparison of the combination strategies is given in, e.g.,
Seitz (2012) and Bloßfeld (2015). The official EOP products
released by the IERS (Bulletin A and IERS 14 C04) are de-
rived using the last approach.

Within this study, we apply the second approach (com-
bination at NEQ level) to consistently combine VLBI and
GNSS data and estimate highly accurate low-latency ERPs
(i.e., a rapid ERP solution). A similar approach for the com-
bination of these techniques has been performed by Thaller
et al. (2008) for 24 h VLBI sessions, VLBI Intensives and

GPS rapid solutions. The achieved level of standard devia-
tions in the range of 20–30 µs for dUT1 over a time span of
16 months (2006–2008) encourages a further investigation
of the topic within this paper. Also, the current combination
by Thaller et al. (2008) exploits the second approach where
NEQs of both VLBI and GNSS are used, unlike the work
by Nilsson et al. (2013), where the estimates of the rapid
GNSS product are adjusted in NEQs of VLBI Intensives by
means of a Kalman filter. Moreover, an approach for an ultra-
rapid ERP determination is given in Haas et al. (2017). For
the approach in this study, a common parameterization of all
EOPs in each technique-specific NEQ is required. As a con-
sequence, in most cases the technique-specific equation sys-
tem has to be set up with more parameters than would be
solvable by the respective technique alone (irregular/singular
NEQ). Hence, besides dUT1, the VLBI Intensive NEQs must
include LOD, the terrestrial pole offsets and their rates al-
though their sensitivity to polar motion is too small for ob-
taining reliable estimates (due to the very sparse network
geometry). On the other hand, a parameterization of dUT1
within the GNSS NEQ is necessary although GNSS is not
sensitive to dUT1 at all.

The geodetic VLBI and GNSS observations are processed
at the Analysis Centres (ACs) organised within the Interna-
tional VLBI Service for Geodesy and Astrometry (IVS) and
the International GNSS Service (IGS) of the International
Association of Geodesy (IAG). All ACs provide their analy-
sis results (NEQs and parameter estimates) in the so-called
Solution Independent EXchange (SINEX) format (https://
www.ccivs.bkg.bund.de/, last access: 27 November 2019).
Currently, the NEQs of the 24 h VLBI sessions, the NEQs
of the 1 h VLBI Intensive sessions and the NEQs of the
GNSS daily solutions are available in this format. As the ACs
do not yet provide SINEX files for the GNSS Rapid prod-
ucts, the combination performed within the present study is
based on GNSS Final products provided by the European
Space Agency (ESA). The accuracy level of the ESA GNSS
Rapid data is expected to be at the level of the correspond-
ing GNSS Final product (Subirana, 2013). The usage of the
GNSS Rapid product is anticipated in the future to further
lower the ERP product latency with moderate accuracy.

In Sect. 2, the characteristics of the VLBI Intensive ses-
sions as well as the GNSS Final solutions are presented.
Sect. 3 contains a description of the applied processing
scheme. In Sect. 4, the obtained results are summarized. Fi-
nally, some problematic issues of the applied combination
approach and an outlook based on the findings of this paper
are provided in Sect. 5.

2 Characteristics of VLBI and GNSS

As pointed out above, a consistent set of ERPs can be ob-
tained when VLBI Intensive NEQs and GNSS Rapid or Fi-
nal NEQs are combined. The corresponding observations are
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Table 1. Common characteristics of VLBI Intensive and 24 h ses-
sions (Baver et al., 2017).

VLBI (INT) VLBI (24 h)

observation interval 1 h 24 h
accuracy of dUT1 ∼ 0.01 ms ∼ 0.003 ms
product latency 2 d ∼ 3–4 weeks
number of stations 2–3 ∼ 10–12
obs. per session < 100 3500–5000
typical schedule daily Mon, Thu

processed by the ACs on a regular basis with a low latency.
As GNSS Rapid NEQs are not yet available in SINEX for-
mat, GNSS Final NEQs have been used (Dach and Jean,
2013). In this study, we use the NEQs provided by the BKG
IVS AC and the ESA IGS AC, respectively.

2.1 VLBI Intensive sessions

VLBI observations are organized as sessions at specific time
slots of certain duration, i.e. Intensives of 1 h and other ex-
periments of 24 h (see Table 1). VLBI Intensive sessions are
daily-scheduled programs which incorporate observations of
2–3 stations whereas the 24 h sessions are typically sched-
uled only 2–3 times a week limited by technical issues and
observation time slots at the not exclusively geodetic used
antennas. An exception are the so-called IVS CONT observa-
tion campaigns where continuous 24 h sessions are scheduled
over a limited 2-week period. The analysis of VLBI Intensive
session observations allows to provide estimates for dUT1
within 1–2 d latency only (Nothnagel and Schnell, 2008).
The average uncertainty of dUT1 estimates from VLBI In-
tensive sessions is 2–3 times larger than for the 24 h sessions
(Table 1). The higher accuracy of 24 h sessions is achieved at
the cost of their long latency, which is too long for an ERP
Rapid product with a latency of several hours only. Conse-
quently, rapid services prefer to use the Intensive sessions
because of their short latency and daily observation basis.
Other essential characteristics of the VLBI Intensives and
24 h VLBI sessions can be found in Table 1.

The VLBI Intensives are carried out routinely using
mainly three configurations (Nothnagel and Schnell, 2008)
and are shown in Fig. 1:

– INT1: Monday to Friday (06:30–07:30 p.m.): Kokee
Park (USA) – Wettzell (GER)

– INT2: Saturday to Sunday (07:30–08:30 a.m.):
Tsukuba/Ishioka (JPN) – Wettzell (GER)

– INT3: Monday (07:00–08:00 a.m.): Ny-Alesund (NOR)
– Ishioka (JPN) – Wettzell (GER)

Due to antenna maintenance issues these networks were
modified by replacing Tsukuba with Ishioka in Jan-
uary 2017. The corresponding baselines are illustrated

Figure 1. Three different network configurations of VLBI Intensive
sessions.

in Fig. 1 (http://www.freeworldmaps.net/de/weltkarten/
weltkarte-zweifarbig.jpg, last access: 27 May 2019).

A long baseline in east-west direction ensures a reliable
estimation of dUT1 (Dermanis and Mueller, 1978). Base-
lines between Kokee Park and Wettzell or Wettzell and
Tsukuba/Ishioka fulfill this requirement in the Intensive ses-
sions. If a single-technique solution of a VLBI Intensive ses-
sion containing the full set of ERPs shall be computed, the
following constraints must be applied (Leek, 2014):

1. All ERPs other than dUT1 have to be constrained or
fixed to their a priori values for estimating reliable dUT1
variations (the corresponding NEQs include the param-
eterisation af all ERPs).

2. Station-specific parameters, i.e., the tropospheric path
delays in zenith direction and clock polynomials up to
degree two (w.r.t. one reference station) are estimated.
The remaining parameters are fixed to their a priori val-
ues (including station and source positions).

The number of observation equations in any VLBI session
mainly depends on the number of contributing antennas. On
average, observations of two antennas allow to collect about
20 observation equations. This small number and weak net-
work geometry limit the estimated parameter space as de-
scribed above. As a consequence, the applied a priori val-
ues for the ERP and the terrestrial and the celestial reference
frames play a crucial role in the analysis of Intensive sessions
since no corrections can be estimated without prior applied
constraints.

As VLBI input, the VLBI Intensive products computed by
the BKG IVS AC are used. BKG SINEX files include NEQs
containing station coordinates, ERPs and their derivatives.
Both the tropospheric parameters and the clock polynomials
are pre-eliminated after the data evaluation w.r.t. the BKG
analysis center procedure (Thorandt et al., 2017), so they are
not included in the SINEX files anymore. In order to ob-
tain dUT1 estimates from the VLBI Intensive NEQs only,
all other included parameters are constrained (fixed) to their
corresponding a priori values (using a minimal standard de-
viation). The estimated dUT1 corrections are related to the
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Figure 2. dUT1 estimation from different VLBI Intensive sessions
w.r.t. IERS 14 C04 (2010–2018).

Table 2. Comparison of the VLBI Intensive dUT1 estimates with
IERS 14 C04 series: WRMS deviation of residuals.

INT1 INT2 INT3 INT (all)

25 µs 22 µs 29 µs 25 µs

predicted dUT1 time series provided via USNO finals (Bul-
letin A). The majority of their differences w.r.t. the IERS 14
C04 time series (Fig. 2) are between ±30 µs in the time span
from 2010 until the end of 2017. After 2017, an increased
scatter w.r.t. the officially provided dUT1 reference time se-
ries is present in all three Intensive configurations. This ef-
fect can be explained by the fact that within the analysis
of the VLBI Intensives, Bulletin A values are used as pre-
dicted ERPs (IERS Rapid Service/Prediction Centre, 2019)
even though their uncertainties are larger than those provided
by the combined IERS 14 C04 time series. This fact shows
the advantage of the presented combination approach, where
low-latency ERPs are directly estimated.

Further comparisons of the obtained dUT1 estimates with
the reference time series IERS 14 C04 are based on the
Weighted Root Mean Square (WRMS) deviation:

σ(WRMS) =

√∑
(̃xi − x̂i)

2
·wi∑

wi
, (1)

where x̃i and x̂i are the reference and the estimated value at
epoch i and the weighting factor is determined by the recip-
rocal value of the calculated variance: wi = 1

σ 2
i

.

This evaluation tool requires that both time series are avail-
able at equal epochs. First, the IERS 14 C04 values are con-
verted to the epochs of the obtained dUT1 estimates. Then,
the piece-wise linear interpolation is applied to dUT1 time
series in which sub-daily variations have been reduced (Petit
and Luzum, 2010).

Table 2 shows the WRMS deviations of the dUT1 esti-
mates in the range of 20–30 µs for each configuration. The
accuracy of the dUT1 estimates depends on the schedul-
ing and the specific station configuration. INT1 is scheduled
five times, INT2 twice and INT3 once a week. Even though
INT3 estimates are more accurate per single session than the

Table 3. Fixed and estimated parameters within ESA’s GNSS Final
products.

polar motion (xp , yp) estimated
ẋp , ẏp estimated
dUT1 fixed
LOD estimated
station coordinates estimated
antenna offsets (x,y,z) fixed

others, the INT1 and INT2 WRMS deviations are slightly
smaller than those of INT3. A few outliers in the INT3 es-
timates might be down-weighted in the longer time series to
resume the INT3 advantages.

2.2 GNSS Finals

The ability of GNSS to determine the terrestrial pole off-
sets together with LOD is complementary to the dUT1 es-
timates based on VLBI Intensives. GNSS delivers polar mo-
tion with uncertainties in the range of 20–30 µas (Bizouard
et al., 2017), which is better than any other geodetic observ-
ing system (24 h VLBI sessions as well as SLR and DORIS,
if included in the combination). In this study GNSS Finals
provided by ESA are used, as no GNSS Rapid SINEX files
with all parameters necessary for the combination are avail-
able (Villiger and Dach, 2018). The final solution is based
on 150 globally distributed IGS stations and about 53 GPS
and GLONASS satellites. Solutions include estimated orbits,
satellite and station clock parameters as well as daily ERPs
and their corresponding rates. The dUT1 offset is included in
the NEQ system although the sensitivity to dUT1 is too small
for obtaining reliable estimates. Table 3 shows a summary of
the fixed and estimated parameters in the ESA GNSS Final
product released via SINEX files.

Orbits and clocks are reduced from the equation system
and released in separate files. The latency of the final prod-
ucts is about 5 d after the last observation. As mentioned
above, GNSS Rapid solutions are available with a latency of
5 h only. Compared to GNSS Final solutions, GNSS Rapid
solutions are based on a reduced network of about 110 sta-
tions but the identical satellite constellation. However, state-
of-the-art GNSS Rapid solutions and GNSS Final solutions
are of comparable quality (Subirana, 2013).

3 Data assembling and combination

In this study, observations between 2010 and the end of
2018 are used to generate a continuous time series of single-
technique solutions in order to assess the applied combina-
tion method. Furthermore, VLBI and GNSS NEQs are com-
bined in order to estimate a reliable set of ERPs in one com-
mon adjustment.
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Figure 3. Total number of observations in different types of VLBI
Intensive sessions (a) and GNSS solutions (b).

3.1 Dataset review

The number of VLBI (per Intensive session) and GNSS ob-
servations (per day) is shown in Fig. 3. The largest VLBI
Intensive network configuration is used in INT3 which also
supports a larger amount of observations compared to INT1
and INT2, because its network is designed for observations
on at least 3 stations (except short periods with only 2 stations
e.g., end of 2013). The exceeding number of GNSS observa-
tions illustrates the advantage of the continuous GNSS pro-
gram compared to regular VLBI sessions. The high number
of GNSS stations leads to the large amount of observations.
The jump in the lower panel of Fig. 3 indicates the extension
of the GNSS tracking network in 2015.

In a common adjustment of all ERPs, correlations between
the parameters are taken into account and unbiased ERP esti-
mates can be obtained. The contribution of a technique to one
specific parameter is mainly defined by the corresponding di-
agonal element of the NEQ matrix N. In the following, the
ratio of the VLBI and GNSS NEQ diagonal elements is used
to identify a dominant technique for each parameter. In the
shown time interval, the overall mean value of NVLBI

ii /NGNSS
ii

for station coordinates is about 6× 10−3, which proofs the
weakness of the VLBI network compared to the much more
dense GNSS network. The ability of each technique to de-
termine ERPs and their rates is summarized in Table 4. Both
techniques contribute to the ERPs (diagonal elements are not
equal to zero), where dUT1 estimates are governed by VLBI
and all other parameters by GNSS.

To validate the impact of single-technique GNSS and
VLBI Intensive solutions on the combined solution, a single-
technique GNSS solution is computed in addition to the sin-
gle dUT1 estimation given in Fig. 2. The results are shown
in Fig. 4 for the terrestrial pole offsets w.r.t. the IERS 14 C04
time series, where dUT1 (not estimated in a GNSS-only so-
lution) has been fixed to the a priori values. Most of the dif-
ferences are below 50 µas in the terrestrial pole offsets while

Table 4. Ratio NVLBI
ii

/NGNSS
ii

for different parameter groups (mean
values in 2018).

parameter NVLBI
ii

NGNSS
ii

dUT1 8× 106 1
LOD 1 1× 105

xp , yp 1 1× 104

ẋp , ẏp 1 1× 106

Figure 4. GNSS-only terrestrial pole offsets w.r.t. the IERS 14 C04
time series.

WRMS deviations of the residuals are at the level of 44 and
40 µas for x- and y-pole, respectively.

3.2 Combination approach

The full set of ERPs is estimated from a daily combination
of VLBI Intensive and GNSS Final NEQ systems. This ap-
proach is already used at BKG in the framework of the IVS
Combination Centre (Bachmann et al., 2016; Bachmann and
Thaller, 2017). In a first step, the NEQ systems from both
techniques are transformed to common epochs. Thereby, in
the case of the terrestrial pole offsets and their rates, a linear
epoch transformation can be used. In contrast to this, dUT1
and LOD require a 3-step epoch transformation procedure
(Bloßfeld et al., 2014). Since dUT1 and LOD are affected
by tidal sub-daily signals, these variations must be reduced
from the dUT1 and LOD values. Afterwards, the parameters
can be transformed linearly to their new epochs. Finally, the
so called regularisation correction at the new epoch must be
added back to the dUT1 and LOD values. In this approach,
the session-specific VLBI Intensive ERP epochs (midpoint of
the 1 h session interval) are transformed to noon epochs, the
reference epoch of the the GNSS Finals. Additionally, a con-
sistent NEQ system (N, y, lTPl) is established by a transfor-
mation of the a priori values of the parameters in the GNSS
final NEQ to those of the parameters in the VLBI Intensive
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NEQ (Bloßfeld, 2015):

Nnew
= Nold, (2)

ynew
= yold

−Nold
· (xnew

0 − xold
0 ), (3)

(lTPl)new
= (lTPl)old

−dxT
0 ·N(2 ·1x−dx0), (4)

where N is the NEQ matrix, y is the right-hand-side vector,
dx0 = xnew

0 − xold
0 is the difference of the a priori values, 1x

is the parameter correction term and (lTPl) is the weighted
square sum of the “observed–computed” vector.

In the second step, the both technique-specific NEQs are
stacked with equal weights:

Ncomb
= NGNSS

+NVLBI, (6)

ycomb
= yGNSS

+ yVLBI, (7)

(lTPl)comb
= (lTPl)GNSS

+ (lTPl)VLBI. (8)

The process yields a constraint-free combined NEQ sys-
tem which is sensitive to the full set of ERPs and their rates.
The datum is defined by fixing all station coordinates to their
a priori values obtained from ITRF2014 (Altamimi et al.,
2016).

In the last step, the combined NEQ system is inverted and
solved for the estimated parameters x̂= xnew

0 +1x̂, with

1x̂= (Ncomb)−1
· ycomb. (9)

Note that the vector of estimates 1x̂ includes explicitly
obtained ERPs and their rates.

4 Results

The combination results are shown in Fig. 5 (terrestrial pole
offsets, dUT1). The ERP variations are compared with the
IERS 14 C04 time series and the respective differences are
plotted with their WRMS deviations. The results are high-
lighted w.r.t. the corresponding VLBI Intensive session. The
obtained dUT1 estimates demonstrate an improvement of ap-
proximately 8 % in comparison to the VLBI Intensive single-
technique solution (shown in Fig. 2) besides a reduction of
the isolated outliers during 2018 in INT1 and INT2.

An improvement of the dUT1 estimates (a reduction from
25 to 23 µs) can be seen in the combined solution. While the
combined estimation of dUT1 is supported by LOD varia-
tions from the GNSS information, the terrestrial pole off-
set estimates are predominantly based on the GNSS Finals.
Thus, the quantities of the x- and y-polar motion are only
slightly affected in comparison with the single-technique
GNSS Final solution (Fig. 4). In accordance with the VLBI
Intensive epochs, the combined pole offset variations are
splitted in three time series in order to determine WRMS
deviations. Table 5 shows a compilation of the WRMS de-
viations achieved by the combination and the corresponding
single solutions. In particular, the pole offset variations in the

Figure 5. Difference of the combined ERP results w.r.t. IERS 14
C04

Table 5. Comparison of the GNSS/VLBI combination results with
the IERS 14 C04 time series: WRMS deviation of residuals.

x-pole y-pole dUT1

GNSS and INT1 44 µas 40 µas 25 µs
GNSS and INT2 45 µas 40 µas 20 µs
GNSS and INT3 40 µas 37 µas 24 µs
GNSS and INT (all) 43 µas 40 µas 23 µs
INT only (all) – – 25 µs
GNSS only (all) 44 µas 40 µas –

y-component are retained in the combined solution. In com-
parison to the single-technique solution, an influence of the
combined solution, however, can be seen in the x-component
(reduction from 44 to 43 µas). In addition, the WRMS devi-
ation of the dUT1 estimates could be reduced by the combi-
nation process from 25 to 23 µs.

Better estimates achieved in the combination suggest the
enhanced stability of the NEQ system from both geodetic
techniques. Thereby the combined solution is not deviated by
constraining single parameters to their a priori values and an
estimation of the full set of ERPs becomes possible. As the
GNSS Final solutions are clearly dominating the combined
solution, the question arises if a re-weighting of the NEQs
(in particular a down-weighting of GNSS w.r.t. VLBI) could
be a suitable step for a further improvement of the combined
solution.
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5 Conclusions

The present study focuses on the combination of VLBI and
GNSS NEQs for the consistent estimation of a full set of
ERPs in one common adjustment. The applied combination
procedure is assessed by means of NEQs of the VLBI Inten-
sive sessions provided by BKG and GNSS Finals provided
by ESA. The comparison of the test results with the official
IERS C04 time series clarifies an improvement of the com-
bined NEQ system. Technique-dependent variations visible
in the single-technique solutions could be reduced. Because
C04 as the conventional reference for comparing ERP time
series entails suboptimal results, further work will focus on
spline-interpolated quaterly solutions from IVS combination
center as dUT1 reference.

On its initial development stage, the applied combination
procedure demonstrates the feasibility of a low-latency com-
bined ERP product. A small improvement can be seen for
dUT1 as well as for the x-component of the terrestrial pole
offsets. In an extended approach, a deliberate estimation of
corrections for the station positions is expected to benefit the
ERP estimates. One challenge of this extended approach will
be the issue of local ties between VLBI and GNSS sites.
Since local ties are unavailable for the station Ishioka (no
GNSS receiver available), a combined solution including sta-
tion coordinates is currently not feasible, as we have to rely
on all available VLBI Intensive sessions in order to estimate
a continuous daily ERP time series. In spite of the absence of
GNSS receivers at some VLBI stations, the GNSS network
enables a wider global coverage as well as a high number of
observations. For this reason, the combined NEQ system is
governed by a considerably large GNSS influence. The com-
bination process can be further improved by using technique-
dependent weights in order to balance the GNSS contribu-
tion against VLBI. This study intends to set up a scenario
for a generation of a rapid ERP time series with low latency.
Unfortunately, the GNSS analysis centers currently provide
only parameter estimates from the Rapid GNSS analysis but
no NEQs or solution equation systems in SINEX files. The
GNSS Rapid product is available within 1 d after the last
observation, i.e., five times faster than the GNSS Final so-
lutions, but with a comparable accuracy. Therefore, the la-
tency of the combined ERPs could be reduced to a few days
if SINEX files would be provided routinely along with the
GNSS Rapid products.

Data availability. All SINEX files of VLBI Intensive sessions
are used from the BKG IVS AC (ftp://ivs.bkg.bund.de/pub/vlbi/
ivsproducts/int_sinex/bkg2014a, last access: 27 November 2019),
all SINEX files of GNSS Finals are used from the ESA IGS AC
(ftp://cddis.gsfc.nasa.gov/pub/gps/products, last access: 27 Novem-
ber 2019).
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