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Abstract The Celestial Reference System (CRS) is
currently realized only by Very Long Baseline Inter-
ferometry (VLBI) because it is the space geodetic
technique that enables observations in that frame. In
contrast, the Terrestrial Reference System (TRS) is
realized by means of the combination of four space
geodetic techniques: Global Navigation Satellite Sys-
tem (GNSS), VLBI, Satellite Laser Ranging (SLR), and
Doppler Orbitography and Radiopositioning Integrated
by Satellite. The Earth orientation parameters (EOP)
are the link between the two types of systems, CRS and
TRS. The EOP series of the International Earth Rota-
tion and Reference Systems Service were combined of
specifically selected series from various analysis centers.
Other EOP series were generated by a simultaneous es-
timation together with the TRF while the CRF was
fixed. Those computation approaches entail inherent
inconsistencies between TRF, EOP, and CRF, also be-
cause the input data sets are different. A combined nor-
mal equation (NEQ) system, which consists of all the
parameters, i.e., TRF, EOP, and CRF, would overcome
such an inconsistency. In this paper, we simultaneously
estimate TRF, EOP, and CRF from an inter-technique
combined NEQ using the latest GNSS, VLBI, and SLR
data (2005-2015). The results show that the selection
of local ties is most critical to the TRF. The combi-
nation of pole coordinates is beneficial for the CRF,
whereas the combination of AUT1 results in clear ro-
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tations of the estimated CRF. However, the standard
deviations of the EOP and the CRF improve by the
inter-technique combination which indicates the bene-
fits of a common estimation of all parameters. It became
evident that the common determination of TRF, EOP,
and CRF systematically influences future ICRF compu-
tations at the level of several pas. Moreover, the CRF
is influenced by up to 50 pas if the station coordinates
and EOP are dominated by the satellite techniques.

Keywords Celestial Reference Frame - Terrestrial
Reference Frame - ICRF - ITRF - Inter-technique
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1 Introduction

In geodesy, there are two conventional reference frames,
the International Celestial Reference Frame (ICRF)
serving as quasi-inertial frame and the International
Terrestrial Reference Frame (ITRF) which is fixed to
the Earth’s crust. Both frames are realizations of the
theoretical (abstract) definitions of the International
Celestial and Terrestrial Reference Systems (ICRS and
ITRS; |Arias et al., [1995). The transformation between
ITRF and ICRF is represented by a time series of Earth
orientation parameters (EOP).

ICRF solutions are created by a working group of
the International Astronomical Union (IAU). The ICRS
Centre of the International Earth Rotation and Refer-
ence Systems Service (IERS; Dick and Thaller} |2015]),
which is a joint service of the TAU and the Interna-
tional Union of Geodesy and Geophysics (IUGG), is in
charge of their publication. Besides, the IERS is also re-
sponsible for the provision of ITRF solutions and their
corresponding EOP.
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Nowadays, global TRF solutions are independently
produced by three ITRS Combination Centres (CCs):
the Institut National de 'Information Géographique
et Forestiere (IGN), the Deutsches Geodétisches For-
schungsinstitut at the Technische Universitat Miinchen
(DGFI-TUM), and the Jet Propulsion Laboratory
(JPL). Since 1989, the IGN computes ITRF solutions
using a combination model based on Helmert trans-
formation (Altamimi et al.), 2002). DGFI-TUM ob-
tains its TRF solutions (named DTRF) by the com-
bination of normal equations (Seitz et al. 2012)). The
JPL TRF (named JTRF) is computed by employ-
ing the Kalman filter technique (Wu et al) 2015).
The ITRF and DTRF solutions contain station posi-
tions and velocities of observing stations of different
space geodetic techniques, namely the Global Naviga-
tion Satellite System (GNSS), Very Long Baseline In-
terferometry (VLBI), Satellite Laser Ranging (SLR),
and Doppler Orbitography and Radiopositioning Inte-
grated by Satellite (DORIS). The reference epochs are
2010.0 for the ITRF2014 (Altamimi et al., |2016) and
2005.0 for the DTRF2014 (Seitz et al. 2016). In con-
trast, JTRF consists of time series of station positions
(Abbondanza et al., |2017). All three ITRS CCs use
identical input data sets which are generated by IERS
Technique Centres: the International GNSS Service
(IGS; Dow et al.| 2009)), the International VLBI Service
for Geodesy and Astrometry (IVS;|Schuh and Behrend,
2012), the International Laser Ranging Service (ILRS;
Pearlman et al.l 2002), and the International DORIS
Service (IDS; [Willis et al. [2010). However, different
combination strategies applied by the ITRS CCs (and
institute-specific data editing steps) result in discrepan-
cies between the TRF solutions. Blofifeld et al.| (2017)
address the distinct scale differences between the latest
TRF solutions. At the same time, the cross-validation
of these realizations allows for a quantification of the
current accuracy of the ITRF product.

The latest ICRF at radio wavelengths is the ICRF2
(Fey et al.,|2015]) which consists of positions of compact
astronomical radio objects and was adopted by the IAU
in January 2010. The ICRF2 radio source positions are
based on nearly 30 years of VLBI observations which
are coordinated by the IVS since 1999.

The 3414 ICRF2 radio sources can be split into two
major groups. About two thirds (2197) of all sources
were only observed by the Very Long Baseline Array
(VLBA; |Petrov et al.| |2009)) within the scope of the so-
called VLBA Calibrator Surveys (VCS). Between 1994
and 2007, six multi-session VCS campaigns were held
comprising a total of 24 separate 24-h sessions (e.g.,
Beasley et al., [2002; |Petrov et al., |2008]). As most of
these “VCS-only” sources were only observed in one

session (Fey et al., 2015]), their precision is about five
times worse compared to “non-VCS” sources ((Gordon)
2014]).

Among the remaining third of 1217 non-VCS
sources are 295 “defining” sources designated to de-
fine the axes (orientation) of the ICRF2. To achieve a
uniform sky distribution, the most stable and most fre-
quently observed sources with minimum intrinsic source
structure were selected from certain declination bands.
The 39 sources exhibiting the largest position variations
are called “special handling” sources. To avoid the dis-
tortion of multi-year reference frames, their positions
should either be treated as session-wise parameters or
reduced. Meanwhile, it is worth mentioning here that
not only the special handling sources, which were se-
lected 8 years ago, but also the other sources includ-
ing defining sources suffer from strong structure effects.
Therefore, additional time-series analysis of the sources
should be studied for a proper treatment of them.

The preparation of the next-generation ICRF is al-
ready in progress (Malkin et al., [2015). Besides the ex-
tension to higher-frequency bands and the preparation
of the link to a Gaia-based optical frame, a substantial
improvement in the legacy S/X-band is a major goal of
the ICRF3 effort. Since over recent years several new
VLBI antennas were installed in the southern hemi-
sphere, especially in Australia (Lovell et al.l [2013)), the
ICRF is expected to benefit both in terms of a uniform
distribution and the position accuracy of its southern
sources.

To reduce the position uncertainty of the VCS-only
sources, a new VCS campaign was initiated (Gordon,
2014)). VCS-II comprised eight 24-h sessions that were
observed between January 2014 and March 2015. With
more than 300 sources per session observed at 2 Gbit/s,
it was possible to re-observe all VCS-only together with
many new sources. Due to improvements in the VLBA
data acquisition, the source positions could be signifi-
cantly improved by VCS-1I (Malkin et al.,2015; /Gordon
et al. [2016)).

The EOP connecting an ITRF and an ICRF are
composed of five parameters. The two celestial pole off-
sets provide corrections to a conventional precession-
nutation model, two parameters describe the polar mo-
tion w.r.t. the Earth’s crust, and one gives the irregu-
larities of its angular velocity. The latter is defined by
(see also [Blofifeld, 2015)

AUT1 =
= UT1-UTC — AUTlocean tides _AUTllibration
= (“ UT1-UTC ”)IERS

and thus, it is directly comparable with the so-called
UT1-UTC parameter of the IERS 14 C04 time series
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Fig. 1 Consistent realization of CRF, TRF, and EOP as computed in this investigation. The official IAU/IAG and IERS
products and the DGFI-TUM ITRF realization are used as a priori values for each parameter group to realize a stable and
reliable datum realization and for validation purposes. The CRF solutions are compared by a CRF transformation (a) using
six parameters shown in Eq. . The TRF solutions are compared using a TRF transformation (b) with 7/14 parameters. In

case of the EOP, differences of the time series are analyzed (c).

(Bizouard and Gambis, |2017)). The excess length-of-
day (ALOD), which is related to the time derivative
of AUT1, is defined by (see also [Bloffeld} 2015)

ALOD := —86400s %AUTl .

This parameter is given under the column header
“LOD” in the IERS C04 series. The reference time se-
ries for our EOP solution is IERS 14 C04. It is the result
of a combination of operational EOP time series pro-
vided by different space geodetic techniques (Bizouard
and Gambis|, 2017) and commonly used as reference in
the geodetic community.

Within Resolution 3 adopted by the General As-
sembly in 2011, the TUGG (2011) urged “that highest
consistency between the ICRF, the ITRF, and the EOP
as observed and realized by the International Associa-
tion of Geodesy (IAG) and its components such as the
IERS should be a primary goal in all future realizations
of the ICRS.” However, the highest consistency could
only be achieved, if all three components are estimated
simultaneously in one common adjustment (e.g., [Seitz
et al., 2014). Up to now, three different IERS Prod-
uct Centres are in charge of the two reference frames
and the EOP, namely the IERS ICRS Centre, the IERS
ITRS Centre, and the IERS Earth Orientation Centre
(Dick and Thaller} 2015]).

To derive a C04 solution, the IERS Earth Orien-
tation Centre tries to achieve consistency with ICRF
and ITRF by aligning all operational series with some
selected series that are assumed to be consistent with
ICRF and ITRF (Bizouard and Gambis| |2017)). In the

case of the ICRF2, one argument to prefer the solu-
tion of a single analysis center to a combined solution
of multiple analysis centers was the assumption that a
single catalog could be more consistent with ITRF2008
and the official EOP (Fey et al., 2015). In contrast,
the ICRF2 was not generated consistently with the fi-
nal ITRF2008 but with the IVS input to that ITRS
realization, called VITRF2008 (Bockmann et al.| |2010)).
However, the two frames are not fully consistent, as the
VTRF scale is realized from VLBI only, whereas the
ITRF2008 scale is a weighted mean of VLBI and SLR
(Seitz et al.,[2014). In addition, the origin of the VTRF
is realized by a no-net-translation (NNT') condition over
a selected subnet of VLBI positions, whereas the ITRF
origin is realized by SLR. Moreover, the network geome-
tries differ due to the effect of combination on the sta-
tion coordinates which is caused by the introduction of
terrestrially measured difference vectors between refer-
ence points (local ties; LTs) and the equating of station
velocities.

In this paper, we simultaneously estimate CRF,
TRF, and the linking EOP series using 11-year VLBI,
SLR, and GNSS data to reach consistency between
CRF and TRF (see Fig. [I). In Sect. 2} the input data
of the epoch-wise single-technique solutions are pre-
sented. Section [3] discusses the time-series analysis per-
formed with the single-technique epoch-wise solution to
ensure suitable normal equations (NEQs) for the rigor-
ous combination. Afterward, Sect. [4] describes the com-
bination strategy applied at DGFI-TUM to compute
a multi-year multi-technique solution which contains
the above-mentioned parameters. Using this solution,
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Table 1 Setups of the multi-year single-technique NEQ systems used for the combination in this investigation. The datum
conditions are applied in order to obtain multi-year single-technique solutions for validation purposes.

VLBI SLR GNSS
Institution DGFI-TUM DGFI-TUM CODE“
Software OCCAM (Titov et al.| [2004) DOGS-OC Bernese GNSS Software
(Gerstl, 11997 |Bloffeld, [2015]) (Dach et al., [2015)
Resolution Session-wise Weekly Daily

Stations reduced?  Yes, if observations in less than

10 sessions are given

Yes, if less than 10 normal

No special handling known

points per arc or less than 10

weeks within the time interval

NNR?/NNT*¢ to DTRF2014,
NNR to ICRF2

Datum conditions

NNR to DTRF2014

NNR/NNT/NNS¢ to DTRF2014

@ The Center for Orbit Determination in Europe (Steigenberger et al.l 2014))

b d

no-net-rotation, ¢ no-net-translation, “ no-net-scale

we assess the impact of various LT selections, differ-
ent EOP combination setups, and the down-weighted
VLBI NEQ on the CRF, TRF, and EOP. The bene-
fits and limitations of the presented combination results
are discussed in the last section. The outcome of this
investigation should be a statement or a quantification
whether, and in what way, consistently estimated CRF,
TRF, and EOP are beneficial for different parameter
groups. This investigation also supports the ambitious
goal of the Global Geodetic Observing System (GGOS;
Rothacher et al., 2009)) to consistently estimate funda-
mental geodetic parameters (or products) from multiple
space geodetic techniques.

2 VLBI, SLR, and GNSS input data

In this study, we focus on the combination of homoge-
neously processed VLBI, SLR, and GNSS data on the
normal equation level to simultaneously estimate CRF,
TRF, and the linking EOP. We consider this as an ex-
emplary study by also using observation data over a
time period of 11 years only to investigate the impact
of different solution setups. A full combination with
all four space geodetic techniques (including DORIS)
is planned for the future.

In case of VLBI and SLR, we reprocessed the in-
put data to be consistent with officially available GNSS
products derived by the Center for Orbit Determination
in Europe (CODE). Details of the different technique-
specific NEQs can be found in Table[} The included un-
knowns are listed in Table 2] Each NEQ covers exactly
the same time span (2005.0-2016.0) so that the con-
tribution of the single techniques could be regarded as
homogeneous w.r.t. the time interval. A datum test was
performed to ensure that only datum-free NEQs are in-
cluded in the combination process. Details on this check
are given in Bloffeld| (2015)). Moreover, discontinuities

according to the DTRF2014 processing are introduced
(Seitz et al.l |2016)) to account for, among others, earth-
quakes (impact on station coordinate and/or velocity)
and instrument changes. For all NEQ systems, the offi-
cial products of TAU/IAG (ICRF2), IERS (14 C04 time
series) as well as the conventional realization of DGFI-
TUM (DTRF2014 with station coordinates and veloci-
ties) are used as a priori values to ensure a stable and
reliable datum realization and for validation purposes.

The VLBI data were processed using the OCCAM
software (Titov et al.,[2004). The estimated parameters
from VLBI data were station coordinates, sources co-
ordinates, EOP, troposphere and clock parameters dur-
ing session-wise estimation. Then, the tropospheric and
clock parameters were reduced, and datum-free NEQs
that contain station coordinates, source coordinates,
and EOP are generated for the multi-year solutions.

In case of SLR, the “Orbit Computation” (OC)
library of the “DGFI Orbit and Geodetic parame-
ter estimation Software” (DOGS-OC; |Gerstl, |1997;
Blofteld, [2015) was used to process the SLR data. A
satellite-specific observation outlier detection was per-
formed within the iterative precise orbit determination
(POD) of the two used spherical satellites LAGEOS-
1 and LAGEOS-2. The orbit length within this POD
process is 7 days over the whole time span. The re-
sulting NEQs contain only station coordinates and
EOP since satellite-specific orbit parameters, empiri-
cal accelerations, and scaling factors for selected non-
conservative perturbing forces are reduced. It has to
be mentioned here that the < (AUT1) estimates of the
satellite techniques are corrupted by spurious signals
since %(AUT 1)is highly correlated with orbit param-
eters and the low degree spherical harmonics of the
Earth’s gravitational field (Bloffeld, 2015). All EOP
are parameterized as piece-wise linear polygons. For the
satellite techniques, this parameterization is also chosen
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Table 2 Characteristics of the single-technique epoch-wise
(no station velocities included in NEQ) and multi-year solu-
tions. The origin is realized in the SLR-only solutions, and
scale is realized in the SLR-only and VLBI-only solutions in-
trinsically. The NNT, NNR, and NNS conditions for the TRF
are applied to a technique-specific subnet of stable station co-
ordinates only. The NNR condition for the CRF is applied to
the defining sources only.

VLBI SLR GNSS
Station coordinates X X X
r  Station velocities X X X
E Origin NNT intrinsic ~ NNT
Scale intrinsic  intrinsic NNS
Orientation NNR NNR NNR
E Source coordinates X
O  Orientation NNR
a, Terrestrial z/y-pole X X X
Q  Celestial X/Y-pole X
o AUTL X (X) (X)

(*) for the satellite techniques, one AUT1 value per
solution is fixed to a priori

for AUT1 even if these techniques are not able to de-
termine this parameter absolutely, but only %(AUTl) .
The information of 4(AUT1)is included in the piece-
wise linear AUT1 polygons indirectly. This type of pa-
rameterization provides a higher homogeneity of the
estimated parameters w.r.t. precision than the parame-
terization with an offset AUT1 and a drift % (AUT1) at
the mean epoch of the day (GNSS), session (VLBI), or
week (SLR).

The GNSS NEQs were obtained from the Center for

Orbit Determination in Europe (CODE; |Steigenberger
2014). Thereby, the NEQs between 2005.0 and

2015.0 were generated in the framework of the repro-
cessing campaign of the IGS (CODE is an IGS Anal-
ysis Center) which were used for the combined IGS
input solution for the ITRF2014. The NEQs between
2015.0 and 2016.0 were generated routinely at CODE
with comparable a priori models. All daily GNSS NEQs
contain station coordinates and two offsets at the mid-
night epochs for each EOP.

3 Time series analysis

For a reliable combination result, it is crucial to en-
sure that the single-technique multi-year NEQs are suit-
able for a rigorous combination. A special focus must
be put on the datum definition and degrees of free-
dom in each NEQ to avoid over-constraining and poten-
tial deformations of networks. To ensure a stable and
reliable velocity estimation, all epoch-wise technique-

specific NEQs are solved (specific datum conditions ap-
plied; see Table . In case of the satellite techniques,
at least one AUT1 parameter has to be fixed to its
a priori value. The resulting time series of station coor-
dinates are checked for outliers (3o-criterion) which are
reduced from the original NEQs. In addition, the epoch-
wise datum parameters of each technique-specific NEQ
are evaluated. The origin and the scale are physical da-
tum parameters, which means that they are intrinsi-
cally realized by SLR (origin, scale) and VLBI (scale).
Figure [2] shows the estimated epoch-wise translation
offsets of the SLR-only solutions w.r.t. DTRF2014 (up-
per three panels) and the estimated scale offsets of the
VLBI-only and SLR-only solutions w.r.t. DTRF2014
(lowest panel). For the TRF transformation as well as
for the applied datum conditions shown in Table[2] only
stable stations with a long observation interval were
used (selection based on outlier detection described be-
fore). The analysis of these time series allows to validate
the intrinsically realized TRF datum of both single-
technique solutions.
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Fig. 2 Time series of epoch-wise estimated translation and
scale offsets of the weekly/session-wise SLR-/VLBI-only
(blue/red) solutions w.r.t. DTRF2014.
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For the translation time series, the scatter in all
components is, in general, clearly below + 2.0 cm which
proves that the weekly SLR-only solutions realize a sta-
ble origin throughout the whole time interval. As both
techniques contribute to the scale of the combined ref-
erence frame, the consistency between them is a prereq-
uisite. The scatter of the VLBI-only scale offsets shown
in Fig. [2] is larger than the scatter of the SLR-only
scale offsets due to alternating VLBI session types with
varying VLBI observation stations and a patchy daily
resolution. Thereby, a regional VLBI session realizes a
scale that suffers from a poor network geometry. Nev-
ertheless, a systematic bias between both time series
could not be clearly identified which means that the
realized SLR-only and VLBI-only scales agree well to
each other. The estimated EOP and the CRF parame-
ters were compared to the IERS 14 C04 time series and
the ICRF2, but no systematic offsets were found.

4 Combination strategy

In this section, the combination strategy applied at
DGFI-TUM is presented. Basically, it can be divided
into two major steps: (i) the intra-technique combina-
tion and (ii) the inter-technique combination.

The intra-technique combination accumulates all
epoch-wise NEQs of a single technique to one big
technique-wise multi-year NEQ. At the outset of that
combination, station velocities are introduced as ad-
ditional parameters with a priori values derived from
the DTRF2014. If discontinuities are introduced for a
station, the velocities of such interval-solutions are re-
garded as being identical if they are nearly equal. This
decision was based on a defined threshold listed in detail
in Table [3] Afterward, all the station coordinates are
transformed to a common epoch (e.g., 2011.0). Within
the NEQ accumulation, the positions and velocities are
equalized per station. Stations with too less observa-
tions (less than 10 epochs) or a too short observation
time span (less than 2.5 years) are reduced to avoid
instabilities of the accumulated NEQ.

Since the source positions are generally considered
as constant in time, the variables of the source coor-
dinate corrections of different sessions are set equal
when adding NEQs. The only exception are the 39
special handling sources which are not equated but
treated as time series. All EOP are equalized at the
day /session/week boundaries which results in only one
value per day for each component. The stacking of
AUT1 values at midnight epochs is possible since
these unknowns are parameterized as piece-wise linear

d

functions which include the % (AUT1) parameters in-

directly. In total, the multi-year VLBI-only NEQ con-

tains 69 stations and 3518 sources including 284 defin-
ing and 39 special handling sources. The SLR-only
multi-satellite NEQ contains 56 stations and 4026 daily
parameters for each of the x/y-pole coordinates and
AUT1 offsets. Concerning GNSS, 4025 daily SINEX
files were accumulated to one GNSS-only multi-year
NEQ which comprises 658 stations and 4026 daily EOP.

Solving for the individual satellite techniques as de-
scribed for the epoch-wise case in Sect. [2| and estimat-
ing the EOP, at least one AUT1 parameter has to be
fixed to its a priori value. In the case of the combined
solution, this constraint is not necessary since VLBI
supports the satellite technique relative AUT1 informa-
tion with absolute values. A major question within this
study is to what extent the (systematically affected)
satellite technique AUT1 values impact the absolutely
determined VLBI AUT1 values. The TRF datum of the
single-technique multi-year solutions is realized as de-
scribed in Table [2] in principal in the same way as for
the epoch-wise technique-specific solutions except the
fact that the TRF datum conditions are extended from
the 7-parameter to 14-parameter conditions (also the
rates of the TRF datum parameters are constrained).

In the second step, the inter-technique combination,
the technique-specific multi-year NEQs are relatively
weighted, stacked and additional constraints and con-
ditions are applied. The constraints for the combination
of station networks comprise terrestrial difference vec-
tors between station reference points (local ties) and
velocity constraints to equalize statistically similar ve-
locities. The conditions for the datum realization are an
NNR condition w.r.t. a selected subnet of stable and
globally homogeneous distributed GNSS stations and
an NNR condition w.r.t. the defining sources of the
ICRF2. The EOP are directly stacked since they are
common to all techniques (see Table . Afterward, the
combined NEQ is inverted using the “Combination and
Solution” (CS) library of DOGS (Gerstl et al., |2000;
Angermann et al., 2004).

As a result of this processing strategy, we obtain
the following solutions which can be inter-compared to
each other and to external solutions:

— technique-specific epoch-wise solutions; these solu-
tions are used to perform time-series analysis as de-
scribed in Sect.

— technique-specific multi-year solutions; these solu-
tions are used to quantify the stability of the geode-
tic datum as well as the deformation of the technique-
specific station networks due to the inter-technique
combination,

— inter-technique multi-year solution; this solution con-
tains the consistently estimated TRF, EOP, and
CRF parameters.
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selected local ties

B ALT =30 mm, Av = 1.5 mm/yr
ALT = 100 mm, Av = 5.0 mm/yr
+ ALT = 1000 mm, Av = 1000 mm/yr

Fig. 3 Selected co-located sites according to different local tie thresholds described in Table

Table 3 Number of introduced LTs in solution types accord-
ing to different LT and velocity equality threshold (ALT and
Av) selections. Solution (A), where all EOP are combined
and where the weights between techniques are identical, is
the reference solution (see also Table [4)).

Solution (A) (B) (C)
ALT < 30mm 100mm 1000 mm
Av < 1.5H31,—rrn 5% IOOOH;,—rrn
GNSS/GNSS 32 44 47
VLBI/VLBI - 1 4
GNSS/VLBI 23 55 135
GNSS/SLR 30 60 82
SLR/VLBI 4 7 14
Total 89 167 282

In the following, we focus on the inter-technique
multi-year solution and evaluate different solution set-
ups to study the interaction mechanisms between the
different parameter groups (see Table .

4.1 Selections of Local Tie and Velocity Equality

Since the coordinates of technique-specific reference
points are no common parameters to all techniques,
terrestrially measured difference vectors, so -called
LTs, are necessary to combine the reference points on
ground. The LTs are absolutely crucial elements for
the inter-technique combination and the realization of
a common TRF datum to all technique-specific subnets
in the combined frame (Angermann et al., 2013} [Seitz
et al., |2012)). The ITRS Center provides all LT SINEX

filedT| used, e.g., in the ITRF2014 combination. In addi-
tion, the velocities of the reference points at co-located
sites are assumed to be equal because one would expect
that both points are influenced by the same geophysical
phenomena. Both types of constraints, the LTs and the
velocity constraints, are introduced into the NEQ sys-
tem as pseudo-observation equations. The selection of

L http://itrf.ensg.ign.fr/local_surveys.php

Table 4 Solution setups to investigate different impacts on
a consistent estimation of CRF, TRF, and EOP. The high-
lighted setups are compared to solution (A). Details on the
comparisons are given in Sect. [d] the results are discussed in
Sect.

 ALT[mm|/ Which EOp  ‘eighting
solution A [mm /yr] bined? of
v [mm/yr are com ? techniques
(A) 30/15 All Equal weights
(B) 100 / 5.0 All Equal weights
(C) 1000 / 1000 All Equal weights
VLBI-only, .
(D) 30/ 1.5 SLR/GNSS Equal weights
(E) 30/ 1.5 AUT1 only Equal weights
(F) 30 /1.5 z/y-pole only  Equal weights
LBI NEQ:
@) 30 /1.5 All N Q

Avier = 0.1
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the LT and velocity constraints rely on statistical tests.
For the LTs, the single-technique multi-year solutions
are used to compute the reference point difference vec-
tor at the measurement epoch of the LT. The points are
interpolated to this epoch ¢y using the positions at the
reference epoch of the TRF and the consistently esti-
mated velocities. The decision if the LT is introduced
is made according to the threshold

ALT = ||LT(tyr) — (X1 (tyr) — Xaltyr)) ||2 . (1)

The 3D-discrepancy ALT could be caused by various
geophysical, technical, or anthropogenic effects such as,
e.g., earthquakes, antenna changes, systematic effects
of the antenna reference points, or measurement errors.
In Eq. , X; and X5 are the 3D-coordinates of the
single-technique multi-year solution of techniques 1 and
2. If ALT is smaller than a defined value, the LT is intro-
duced. As thresholds, three different values of 30, 100,
and 1000 mm are selected. These values have been cho-
sen since they categorize significant changes in the num-
ber of LTs, especially between SLR and VLBI which is
the crucial constraint for the quality of the TRF scale
realization. The global coverage and the exact numbers
of LTs depending on the different thresholds are shown
in Fig. [3]and Table

The weighting of the LT constraints is done accord-
ing to the 3D-discrepancy ALT. The weight used in the
combination process is A = (5/ALT)? with ALT (in
mm). As it is the case for the ALT values, also the ve-
locity constraints are selected w.r.t. a certain threshold.
It is varied together with the ALT constraints as shown
in Table 3] The solution which is indicated by (A) in
Table[3]serves as the reference solution in this investiga-
tion since we know from studies within the DTRF2014
processing that these thresholds do not cause a signif-
icant deformation of the single-technique subnets in the
combined frame. In case of the ITRF2014 and JTRF2014,
no a priori LT selection is performed. Both TRF solu-
tions use all available LTs and introduce them using
relative weights according to their 3-D fit w.r.t. the
single-technique solution differences.

4.2 EOP combination setups

The EOP are common parameters to all space geodetic
techniques. GNSS provides daily terrestrial pole coor-
dinates with a good precision because of the homoge-
neous global distribution of stations and its continuous
observations. As a result, GNSS is dominant in the de-
termination of terrestrial pole coordinates among the
space geodetic techniques. Those precise terrestrial pole

coordinate series are expected to improve the link be-
tween the TRF and CRF. The combination with satel-
lite techniques would also be advantageous in respect of
continuity at day boundaries because the regular VLBI
observation campaigns (R1 and R4 sessions) are usually
held only once per week, each. The IVS Intensive ses-
sions are not considered here because their parameteri-
zation is different from the regular sessions. According
to Seitz et al.| (2014), the combination of the EOP can
have a systematic effect on the estimated source posi-
tions which are observed by regional station networks
with few observations only. In order to check the impact
of combined EOP on the CRF as well as on the TRF in
more detail, four different setups of EOP combinations
are investigated in this study (see Table . Solution
(A) serves again the reference solution. In solution (D),
the VLBI EOP are not combined at all to the satellite
technique derived EOP. In the solutions (E) and (F),
AUT1 or the terrestrial pole coordinates are combined,
respectively.

4.3 Weighting of techniques

All multi-year single-technique solutions are re-scaled
according to their a posteriori variance factors 62 before
the combination. This is done in order to ensure that
all NEQs to be combined have a comparable variance
level. For GNSS, it is well known that the estimated
standard deviations are too optimistic due to the not
considered high correlations of the GNSS observations.
This deficiency cannot be considered by inter-technique
weighting, and the high GNSS precision is also present
within the combined solution. Afterward, in the com-
bination, the re-scaled NEQs are all equally weighted.
As a last test scenario, we down-weight the VLBI NEQ
in the combination by a factor of Ayppr = 0.1 to test
the impact on the parameters when the combination is
dominated by satellite techniques (see Table [4]).

5 Results

This section summarizes the results obtained from the
investigation of different combination scenarios on con-
sistently estimated TRF, EOP, and CRF parameters.
In total, 7 different combination setups are investigated
which are summarized in Table [d] The comparisons
of the different parameter groups are done using a 6-
parameter CRF transformation and a 14-parameter TRF
transformation, and analyzing EOP difference time se-
ries.

The CRFs are compared with each other by means
of the CRF transformation model (Fey et al.,[2009, har-
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monic terms are ignored):

Ao = (Ajcosa+ Aysina)tand — Az + D, (6—6),
A = —A;sina+ Aycosa + Ds(d—bp) + Bs.  (2)

Here, o and § represent the right ascension and decli-
nation of source coordinates and Aa and Aéd mean the
differences of them between two CRFs. Ay, Ao, and A3
denote the rotation between two CRFs w.r.t. the three
axes. D, and D; represent the drifts of right ascension
and declination w.r.t. a reference declination dy (g is
usually 0deg). Bs means the bias in declination. In the
following, this transformation will be denoted as CRF
transformation with CRF transformation parameters.

It has to be mentioned here that these transforma-
tion parameters are correlated to each other. For exam-
ple, Ay is correlated to Ds and Bs by about —0.6 (41 by
about —0.3) whereas As is correlated to D, by about
0.8. This means, systematic effects in the declinations
of the source positions impact the parameters Ay, As,
Dgs, and Bg, and the rotation A3 can be associated with
a systematic effect in the right ascension (D).

50+ 1

[pas]

A] A2 A3 Da DJ B,;

Fig. 4 CRF transformation parameters and their standard
deviations (error bars) of VLBI-only w.r.t. ICRF2.

Figure 4| shows the CRF transformation parameters
of Eq. of the VLBI-only w.r.t. ICRF2 using only
defining sources. It should be noted that ICRF2 is based
on VLBI observations between 1979 and 2009 while the
solutions of this study cover the data period 2005-2015.
As is well known in the VLBI community, the inclu-
sion of Australian stations since 2010 has caused bi-
ases (Bs = 70-80 pas) in the declination of the CRF
w.r.t. the ICRF2. Since the data period of this study in-
cludes the most recent years (and also the observations
of the Australian stations), those biases could also be
detected clearly in the VLBI-only (Fig. [4) and also in
the combined solutions (not directly shown). This fact

also explains the estimated rotations w.r.t. ICRF2 al-
though an NNR condition w.r.t. ICRF2 was applied. If
only the three rotations A;, Ao, and Az are estimated,
only an offset in As is significantly estimated which
is caused by the systematic declination bias between
ICRF2 and our CRF solution.

Despite this bias, the VLBI-only solution matches
well with the ICRF2, especially in the A3 component
(Fig. [4), which is related to the Earth rotation, because
AUT1 is solely based on VLBI data both in the VLBI-
only CRF and in the ICRF2. In the following sections,
the CRF comparison between VLBI-only and combined
solutions will be presented.

5.1 Impact of LT selections

B ALT =30 mm
B ALT = 100 mm
- |l ALT = 1000 mm

10

-10

AI AZ A3 Da D(f B(f

Fig. 5 CRF transformation parameters and their standard
deviations (error bars) of combined solutions with different
LT selections w.r.t. VLBI-only solution.

In order to analyze the effect of the LTs on the com-
bined solution, three types of combined solutions were
computed depending on the LT threshold ALT. In the
following, we search for this effect in (i) the CRF, (ii)
the TRF, and (iii) the EOP.

(i) Figure [5 shows that the A3 components of the
combined solutions (A), (B), and (C) seem to get
smaller when the ALT is increased. However, they al-
ways have larger disagreement with ICRF2 compared
to the VLBI-only solution (not shown). On the other
hand, the other components show biggest transforma-
tion w.r.t. VLBI-only solution when ALT = 1000 mm
is used. Especially, the drift of the right ascension
D, shows slightly smaller offsets in combinations us-
ing ALT = 30 mm and ALT = 100 mm, but it is
significantly increased if ALT = 1000 mm is used.
This behavior might be explained by the fact that, in
the combined solutions, AUT1 is derived from VLBI,
GNSS, and SLR data and the combined network is de-
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Fig. 6 Estimated offsets (upper left) and rates (lower left) of a 14-parameter TRF similarity transformation of the technique-
specific subnets of the combined TRF solution w.r.t. single-technique multi-year solutions. In addition, the right plot shows
the root mean square (RMS) of the transformation residuals which indicates the grade of the deformation of each subnet due
to the combination. The RMS values of GNSS are so small that they are not visible in this scale. Each subnet (VLBI: red,
GNSS: green, SLR: blue) is represented by three bars per parameter which are related to the combined solution setups (A),

(B), and (C).

formed (see Fig. @ to a certain extent by discrepant
co-locations (using the large LT threshold).

(ii) The impact of LT selection on the TRF is stud-
ied by analyzing the results of a 14-parameter TRF sim-
ilarity transformation between the technique-specific
subnets of the combined solutions (A), (B), and (C)
and the single-technique multi-year solutions. For the
transformations, the same subnet as for the datum con-
ditions of the single-technique solutions was used. Fig-
ure [6] shows the TRF transformation parameters, their
rates and the root mean squares (RMS) of the trans-
formation residuals. Thereby, the investigation should
focus on the interpretation of all parameters since (a)
the TRF datum parameters of the combined solution
allow an evaluation of the quality of the realized da-
tum (origin by SLR, orientation by NNR on GNSS sub-
net, scale by SLR and VLBI) and (b) the interpretation
of the other TRF transformation parameters allows to
evaluate the ability of the selected LTs to transfer the
datum information from one subnet to the other.

It is clearly visible that SLR and VLBI are sen-
sitive on the LT selections since their global station
distribution is only sparse. In the case of SLR, even
though it is the unique contributor to the origin of the
TRF, the translations are significantly influenced by
the LT selection. When including nearly all LTs (solu-
tion C; ALT =1000 mm), the SLR and VLBI subnets of

the combined solution are clearly translated w.r.t. the
single-technique solutions. The origin of the combined
solution (B) is not affected that much by the LTs com-
pared to the SLR solution, whereas solution (A) agrees
quite well with it. The same holds for the transfer of the
origin information from SLR to the VLBI and GNSS
subnets. Solution (C) shows the worst performance in
x whereas solution (B) shows the largest translation
offsets and rates in z of the VLBI subnet.

The orientation of the GNSS subnet is not affected
that much by the combination regardless of the LT se-
lection because the orientation of those frames was con-
strained to the DTRF2014 GNSS subnet by an NNR
condition. In case of VLBI and SLR, it can be concluded
that solution (C) clearly rotates the subnets w.r.t. the
single-technique solutions. The smallest sum of rota-
tions is achieved by the LT selection of solution (B).

The scale parameter is the most critical issue in
this combination since it absolutely relies on the qual-
ity of the scale transfer via the SLR-VLBI LTs at co-
location sites. From Table [3] it is clearly visible that
only a small number of LTs is selected (4), if a threshold
ALT = 30 mm is used. Nevertheless, these four SLR-
VLBI LTs allow a scale realization which is comparable
to the scale of the VLBI and SLR single-technique solu-
tions. Furthermore, in solution (A), the intrinsic scales
of the SLR and VLBI subnets in the combined solu-
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tion are nearly the same. In solution (B), the SLR and
VLBI scales do not agree to each other and both show
larger offsets to the technique-specific networks than
solution (A). Solution (C) results in the largest scale
discrepancies. For the scale transfer to GNSS, all solu-
tions perform equal.

The mean network deformation of the combined
TRF w.r.t. the single-technique solutions is shown in
the right panel of Fig. [f] It seems that the GNSS subnet
is rather stable which explains why the GNSS network
is not affected at all by the LT selections. The VLBI
and SLR networks are deformed by up to 6 mm and
by up to 2 mm/yr in 3-D position and velocity vectors,
respectively, depending on LT selections.

Besides the TRF comparison to the single-technique
solutions, the combined solution was also compared to
the DTRF2014. The transformation parameters show a
similar behavior as discussed before which means that
the combined TRF solutions (A) and (B) are reliable
TRF solutions. In conclusion, we can state that the
most stable and DTRF2014-like TRF datum is real-
ized by the LT threshold ALT =30 mm in solution (A).
However, solution (B) with ALT =100 mm also results
in stable and reliable TRF datum parameters.

WRMS w.r.t. IERS 14 C04 wmean w.r.t. [IERS 14 C04
E VLBI-only
GNSS-onl
] SLR-o:ly Y 40
M (A): ALT =30 mm
[ (B): ALT = 100 mm
[0 (C): ALT = 1000mm

200

x. > d . A q
Doy, Vo, 07/ Doy, oy, 0}/

Fig. 7 EOP comparison of the single-technique multi-year so-
lutions (VLBI-only: red, GNSS-only: green, SLR~only: blue)
and the combined solutions with different LT selections
(ALT = 30 mm: magenta, ALT = 100 mm: yellow, ALT =
1000 mm: cyan) w.r.t. the IERS 14 C04 time series. The left
panel shows the weighted root-mean-square values (WRMS);
the right panel shows the weighted mean (wmean) values.
Left vertical axis denotes the scale of x/y-pole, and right one
indicates that of AUTI.

(iil) In this last subsection, the impact of the LT se-
lection on the estimated EOP is assessed. From Fig. [7]
it can be clearly seen that GNSS is dominating, espe-
cially the determination of the terrestrial /y-pole co-
ordinates. For the WRMS values, the LT selection does
not matter at all. In case of the wmean values, the pole
coordinates are affected by different LT selections. How-
ever, there are no big discrepancies (1.5 mm at maxi-

mum at the Earth’s surface) among the LT selections.
The impact of different EOP combination setups will
be discussed in Sect.

The z/y-pole wmean values of the SLR-only solu-
tion are significantly larger than those of the other solu-
tions. This phenomenon is caused by a small drift since
around 2010 when some SLR stations were affected by
huge earthquakes. Therefore, the artificial realization of
the orientation (via NNR condition) could not be real-
ized as well as for the other techniques. However, this
effect does not affect the combined solution at all since
only datum-free NEQs are combined.

5.2 Impact of EOP combination setups

In order to evaluate the impact of the combined EOP
on the estimated parameters and especially the CRF,
four different EOP combination setups are computed
(Table [4)).

Figure[§]shows the impact of the different EOP com-
bination scenarios on the technique-specific subnets of
the combined TRF solution. Systematic effects can be
found especially in the Rz transformation parameters
of the VLBI and the SLR subnet of the combined solu-
tion w.r.t. DTRF2014. Figure[§]shows a small difference
between including and excluding AUT1 due to corre-
lations. Since the orientation of the combined station
network is realized using a selected GNSS subnet, this
subnet is not affected at all by the EOP combination
setups. Besides, the EOP combination setups scarcely
influence the estimated scale parameters.

Figure [J] shows the CRF transformation parame-
ters of the combined solutions w.r.t. VLBI-only solu-
tion. The solution (D) (green bars) agrees within 1 uas
except for a small bias of 3.4 pas. This means since no
EOP are combined at all, the CRF is not affected by
the combination of the station coordinates via the LTs.
However, as shown in Fig. the standard deviations of
the source coordinates are decreased, i.e., improved, af-
ter the combination of station coordinates only. In par-
ticular, the declinations of the VCS sources and newly
added sources which were not included in ICRF2 are
improved (smaller standard deviations) significantly in
the southern hemisphere (Fig. . The mean values of
the improvement for those sources are about 32 pas and
57 pas for the northern and southern hemisphere, re-
spectively. The improvements in percentages are around
9% for every source type. As the standard deviations
of the non-VCS sources including defining sources are
smaller than those of the VCS sources, their changes
are hardly recognizable in Fig. Fig. [T1] depicts the
standard deviations of the source coordinates for the
defining sources only. It can be seen that the standard
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Fig. 8 Estimated offsets (upper left panel) and rates (lower left panel) of a 14-parameter TRF similarity transformation
parameters of the technique-specific subnets of the combined solutions (A), (D), (E), (F) w.r.t. DTRF2014 and the mean RMS

of the transformation residuals (right panel).

deviations after the combination get reduced propor-
tional to the magnitude of the original standard devi-
ations (VLBI-only). Thus, the southern sources (lower
than —30°) benefit the most.

10 \ \ :
Il (A): EOP combined (reference)
[ (D): no EOP combined

S5k [l (B): only AUT1 combined -

[ (F): only x/y-pole combined

[pas]

-10 I I I I I I

Fig. 9 CRF transformation parameters and their standard
deviations (error bars) of different EOP combination setups
w.r.t. VLBI-only solution.

It has to be mentioned here that in a previous study
done by Seitz et al| (2012), the VCS sources were im-
proved by up to 4 mas which is one order of magnitude
larger than this study. However, |Seitz et al.|(2012)) only
used data until 2007 while this study used data between
2005 and 2015. This means, within this study, the VCS
sources were observed more often through the so-called
VCS-1II campaigns which were held in 2014 and 2015.

The combination of the terrestrial z:/y-pole coordi-
nates (F) improves the agreement with ICRF2 com-
pared to VLBI-only solution for Ay and As compo-
nents, 17 % and 70 %, respectively (indirectly shown
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Fig. 10 Differences of source declination standard deviations
Ac(8) and right ascension standard deviations Ao (a - cos(6))
between the combined solution (D) and the VLBI-only so-
lution. The standard deviations of the VCS sources (green)
and newly added sources (cyan), which were not included in
ICRF2, are changed significantly. Negative differences mean
improvement after the combination. Every combination setup
so far (solutions (A) — (F)) shows a similar plot except the
solution with the down-weighted VLBI NEQ (G).

in Figs. E[) On the other hand, there is almost no
effective impact on the components D, and Ds, and
Ay component disagrees more (25 %). As discussed in
the beginning of Sect. 5| the declination biases which
appear in recent years due to the new Australian VLBI
network are clearly detected in all combination setups
and VLBI-only solution. Therefore, at this stage, it is
hard to gauge which declinations are true and if the
combined solution improves/degrades the declination of
the CRF. Meanwhile, in the combination of the terres-
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Fig. 11 The standard deviations of the declination o(§) and
right ascension o (a - cos()) for defining sources in the VLBI-
only and combined solution (D). Every combination setup
so far (solutions (A) — (F)) shows a similar plot except the
solution with the down-weighted VLBI NEQ (G). The im-
provements in percentage are around 9%.

trial a/y-pole coordinates (F), the correlated param-
eters, right ascension and AUT1, get less correlated.
This fact supports the improvement of A3 components
in the solution (F).

When the AUT1 is included in the combination, it
is clearly seen that the A3 components, which are di-
rectly related to the right ascension (Eq. , are mostly
affected ((A) and (E) in Fig. [9). It can be easily ex-
pected that the deteriorated 4 (AUT1) from the satel-
lite techniques disturb the accurate determination of
AUT1 to a certain extent. However, including AUT1
from the satellite techniques is of main importance for
its densification in time. Therefore, it is desirable to im-
prove AUT1 accuracy of the satellite techniques before
the combination and/or apply a proper constraint for
AUT1 of the satellite techniques during the combina-
tion.

5.3 Impact of weighting

To investigate the impact of the satellite techniques
on the VLBI parameters, one combination setup was
tested where the VLBI NEQ was down-weighted by a
factor of 10 w.r.t. the GNSS and SLR NEQ. Figure [12]
shows the CRF transformation parameters w.r.t. VLBI-
only solution (only defining sources are used) of two
combined solutions using different weights for the VLBI
NEQ ()\VLBI = 1.0 and AyLpr = 01) ‘When the VLBI
NEQ is down-weighted, all CRF transformation param-
eters increase (especially Az to 50 pas). This means
that the CRF is influenced by dominating satellite tech-
niques in the TRF and EOP combination. However, if
the TRF and the EOP benefit from this, also the CRF
might be improved. When the source positions of the

two combined solutions are compared to the VLBI-only
CRF, the impact of the different weights can be clearly

seen (Fig. [13).

WA Ay, =10 |
W (G): Ay =01

40+

~H

4 4, 4 D, Dy B

Fig. 12 CRF transformation parameters and their standard
deviations (error bars) of the combined solutions with dif-
ferent weights for the VLBI NEQ w.r.t. VLBI-only solution.
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Fig. 13 Source position differences between the combined so-
lution (A) and the VLBI-only solution (green) and the com-
bined solution (G) and the VLBI-only solution (blue) for the
declination § (upper panel) and the right ascension « (lower
panel). Only defining sources are considered. The solid lines
denote sliding medians.

The impact of different VLBI NEQ weights on the
EOQOP is shown in Fig. The WRMS and wmean values
of the terrestrial x/y-pole coordinates are comparable
regardless of the VLBI weighting because the contri-
bution of GNSS to the x/y-pole coordinates dominates
the combination. The AUT1 values get worse when the
VLBI NEQ is down-weighted since VLBI only is capa-
ble of giving the absolute information on AUT1, while
the satellite techniques can only provide %(AUTI) .

All the TRF transformation parameters of the GNSS
and SLR subnets in the combined solution are slightly
changed by up to 2 mm after down-weighting the VLBI
NEQ (not shown). All translations and the x- and y-
rotations of the VLBI subnet TRF transformation pa-
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Fig. 14 EOP comparison of the VLBI-only solution (red)
and the combined solutions with different weights for the
VLBINEQ (Avrpr = 1.0: green, Ayvper = 0.1: blue) w.r.t. the
TERS 14 C04 time series. The left and right panels show the
weighted root-mean-square (WRMS) values and the weighted
mean (wmean) values, respectively.

rameters vary below 1 mm. The z-rotation and the scale
offsets, to which the VLBI subnet is most sensitive
among the techniques, are changed significantly: —0.6
to 0.6 mm and 0.7 to —0.9 mm, respectively.

6 Conclusions

On the basis of 11 years (2005.0-2016.0) of GNSS,
VLBI, and SLR observations, seven types of combined
solutions were computed and examined for the consis-
tency of TRF, EOP, and CRF. More precisely, the selec-
tion of the LTs by applying three different thresholds
within the LT selection process was varied (solutions
denoted as (A), (B), and (C)), different EOP combina-
tion setups where AUT1 and z/y-pole coordinates of
different techniques were combined or estimated inde-
pendently (solutions denoted as (A), (D), (E), and (F))
and finally, the weight of the VLBI NEQ was varied in
the combination w.r.t. the satellite techniques (solution
denoted as (A) and (G)). All solution setups were ana-
lyzed w.r.t. their impact on the consistently estimated
parameters, and it was tested whether there exists an
optimal combination setup which provides the best es-
timates for all parameters. Therefore, the combination
results were compared to the DTRF2014 solution, the
IERS 14 C04 time series, and the VLBI-only CRF so-
lution, respectively. For all solutions, a bias in the de-
clinations of CRF sources on the southern hemisphere
was found w.r.t. ICRF2. This effect is well known in the
VLBI community and could be verified in this study.
In the case of the LTs, three different LT and
equal velocity thresholds were applied: ALT = 30 mm
with Av = 1.5mm/yr (A), ALT = 100mm with
Av = 5mm/yr (B), and ALT = 1000 mm with Av =

1000mm/yr (C). The combination using nearly all
available LTs (C) causes a large shift of the origin, a
discrepancy between the VLBI and SLR scale parame-
ters, and a deformation of the VLBI and SLR subnets
compared to DTRF2014. The solution (B) is mostly
comparable to solution (A) or sometimes even better.
However, for the scale offsets, a clear degradation of the
consistency of the VLBI and SLR scale can be seen even
for solution (B) although more LTs at co-location sites
could be considered. Most of the CRF components show
biggest transformation w.r.t. VLBI-only solution when
ALT = 1000 mm is used. The EOP are less sensitive to
different LT selections than the TRF.

Concerning the EOP, four different combinations
were computed to investigate the impact of combined
EOP on the TRF and the CRF solutions. The combined
solution (D), where the EOP of the VLBI-only solu-
tion and those of the satellite techniques have not been
combined, shows comparable results w.r.t. the VLBI-
only solution. The sole combination of terrestrial x/y-
pole coordinates (F) is beneficial to the estimated CRF,
whereas the sole combination of AUT1 (E) causes a ro-
tation of the CRF around the z-axis. In the TRF so-
lutions, the largest changes can be found in the VLBI
subnet, whereas the GNSS subnet is nearly not affected
at all by different EOP combination setups. However,
for all combination solutions, a clear decrease in the
source position standard deviations can be found. The
same holds for the standard deviations of the EOP it-
self.

The last solution tested in this investigation was
the combination of the satellite technique NEQs with
a down-weighted VLBI NEQ (G) to quantify the maxi-
mal impact of the satellite techniques on a consistently
estimated CRF. In general, one can state that the ob-
tained CRF is rotated w.r.t. the VLBI-only CRF by up
to 40 pas since the combined EOP are totally domi-
nated by GNSS (and SLR to a certain extent).

The results of this paper support the discussion of
several aspects for the consistent estimation of TRF,
EOP, and CRF compared to a separate estimation as
currently performed:

— It is statistically true and could be confirmed by this
study that the combination of different space geode-
tic techniques reduces the standard deviations of the
estimated parameters due to the larger number of
observations.

— The LT configuration mostly influences the TRF.
Only minor impact can be seen on the CRF and the
EOP.

— The estimated CRF benefits by the precise terres-
trial x/y-pole coordinates from GNSS. Since the
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standard deviations of the pole coordinates are sig-
nificantly decreased, also the effect on the CRF is
assumed to be beneficial.

— The combination of AUT1 of VLBI and the satel-
lite techniques mainly affects the right ascension
and therefore the CRF z-rotation. However, it might
be beneficial that a continuous AUT1 time series
could be achieved by the combination. Nevertheless,
it should be a future task to further improve the
AUT1 accuracy.

— Dominating satellite techniques significantly affect
the CRF and cause systematic rotations of the
source positions.

— Currently, the optimal combination setup would be
ALT = 30mm and no AUT1 included in the com-
bination considering the importance of scale (TRF)
and frame rotation.

Since 2010, the Australian network started to join
the regular IVS sessions and, since then, a bias in the
declination of southern hemisphere source positions ap-
pears. As discussed in Sect. [5| there is only a minimal
chance to investigate this effect in a comparison of our
solutions with the ICRF2, because the ICRF includes
VLBI data only until 2009 — a year before the effect
occurred. Instead, our solutions should be compared
with the ICRF3 which covers the period where the Aus-
tralian sites contribute to the CRF. The same holds
for the comparison of our results to those of [Seitz et
al.| (2014) who considered a different observation time
span and where no VCS-II sessions were included in
the CRF determination. Furthermore, to avoid poten-
tial biases between the techniques, an external valida-
tion, e.g., using various source catalogs from different
frequencies like Gaia (Mignard et al., [2016)), should be
aimed for in the future.

Finally, the IUGG resolution 3 reminds to take care
of the consistency of ITRF, EOP, and ICRF during new
ICRF computations despite the fact that currently dif-
ferent products are still computed by different institu-
tions which creates a high hurdle for a joint estimation.
For a successful consistent realization of them, the spe-
cific benefits of the simultaneous estimation should be
clarified. The presented study significantly contributes
to this issue but should also be extended to include all
the full observation time span of all four space geodetic
techniques (VLBI, GNSS, SLR, and DORIS).
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