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Abstract. In this article we investigate the impact of different realizations in framework of the generation of the

International Terrestrial Reference Frame (ITRF), Earth Orientation Parameters (EOP), and scale resulting from Very

Long Baseline Interferometry (VLBI) intra-technique combination. The first section reviews the input contribution of

the International VLBI Service for Geodesy and Astrometry (IVS) to the ITRS realizations. The second section shows

the results of using the three different inter-technique combined ITRS realizations as a priori station coordinates in the

IVS combination process. We found significant differences in the scale when comparing the results to the respective a

priori frames DTRF2014, ITRF2014, and JTRF2014. The scale differences are -0.01 ppb for DTRF2014, -0.59 ppb for

ITRF2014, and 0.19 ppb for JTRF2014, with residual WRMS of 0.88 ppb for DTRF2014, 0.95 ppb for ITRF2014, and

0.78 ppb for JTRF2014. In terms of EOP, the differences of using DTRF2014, ITRF2014, and JTRF2014 as a priori values

for station coordinates are less distinct. We found differences in particular parameters, i.e. x-pole, y-pole, LOD, and dUT1,

using the three different TRS realizations as a priori station coordinates. However, the differences do not emphasize one

or another ITRS realization as preferable TRF for VLBI combination. Moreover, we found significant differences in dUT1

when using IERS 08C04 or IERS 14C04 as EOP reference series, which might indicate inconsistencies between these

two reference series.

Introduction In this chapter we review the IVS contribution to the ITRF2014 and the
adjunctive combination process before investigating the impact of the
three ITRS realizations on VLBI combined Earth Orientation Parame-
ters (EOP) and scale. The scale parameter is particularly interesting,
as VLBI – together with Satellite Laser Ranging (SLR) – are the only
space geodetic techniques with reliable access to this parameter. In
the framework of the latest realization of the International Terrestrial
Reference System (ITRS), each of the three ITRS Combination Centers
of the IERS (DGFI-TUM, IGN, JPL) provides an inter-technique com-
bined terrestrial reference frame (TRF) using different station coordinate
parameterizations. DGFI-TUM provides the DTRF2014, using a piece-
wise linear station model with improved geophysical modeling of loading
deformation (Seitz et al., 2016). The official ITRF solution, ITRF2014, is
provided by IGN, using a piece-wise linear station model and an addi-
tional post-seismic deformation model (Altamimi et al., 2016). Finally,
JPL provides the JTRF2014, using Kalman filtered weekly estimations
of station coordinates with the noise of the time-series triggered by
geophysical loading models (Abbondanza et al., 2017).

In the following sections the internal VLBI evaluation of the scale pa-
rameter is discussed, then we compare the scale parameter between
the combined solution resulting from the VLBI-only combination using
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Input contributions and
combination strategy

the three different ITRS realizations and the quarterly IVS combined
solution as a priori station information. Furthermore, we investigate the
impact on combined EOP using the three different ITRS realizations and
(for comparison reasons) the quarterly IVS combined solution as a priori
station information. The resulting EOP are compared to internal VLBI
reference series and the external EOP series provided by IERS, IGS,
and ILRS. Additionally to the current IERS 14C04 series, we compare
dUT1 to IERS 08C04 (aligned to ITRF2008) and to the EOP time series
which are commonly estimated with the respective ITRS realizations,
i.e., DTRF2014, ITRF2014 and JTRF2014 (denoted DGFI, IGN and JPL
hereafter). These external EOP time series, provided by the IERS ITRS
Combination Centers along with the respective TRF, are compared to
the IVS EOP long-term combined time series using the IVS quarterly
combined global solution (VTRF2015q2) for a priori station coordinates.
t
text

The VLBI input contribution is provided by the International VLBI Service
for Geodesy and Astrometry (IVS). IVS Analysis Centers (AC) prepare
individual session-wise datum-free normal equations in SINEX format
containing station coordinates and EOP. The combination is performed
session-wise on the normal equation level using the contributions pro-
vided by the IVS ACs. The analysis and combination procedure used
here is similar to that applied to the operational IVS combination (see
Bachmann et al., 2016). The detailed combination process is shown
in Figure 1. First, a transformation on the same epoch for every contri-
bution is done (12 h UT to be conform with the other space geodetic
techniques). Then, a transformation to equal a priori station coordi-
nates is done. For this step precise a priori values are important for
the quality and reliability of the combination result. For the present
investigations the a priori values for station coordinates are taken from
the three different ITRS realizations as well as the latest VLBI-only com-
bined long-term (quarterly) solution VTRF2015q21, which is the one
with the most up-to-date global VLBI solutions available. This scenario
is sketched in Figure 2.

The next step of the session-wise combination includes an outlier test
for station coordinates. The Least Median of Square method (LMS)
approach is applied (see Bachmann and Lösler, 2012). Based on
normal equations with identical epochs and identical a priori values, the
individual solution for each AC is generated. The individual weighting
factor is determined using a variance component estimation (VCE).
The combined normal equation is then generated by accumulating the
weighted contributions of the ACs. Applying no-net rotation (NNR) and
no-net translation (NNT) conditions for station coordinates removes the

1ccivs.bkg.bund.de/vtrf
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datum defect of the normal equation and allows its inversion. Stations
where no reliable coordinates can be determined for specific sessions
are excluded from the datum definition and treated as free parameters.
A SINEX file containing the datum-free normal equation of the combined
solution for the respective session is then provided to the IERS ITRS
Center and submitted to the IVS data center and the IERS Central
Bureau.

For our investigations this process is applied to generate three different
combined EOP solutions, using DTRF2014, ITRF2014, and JTRF2014
as a priori station coordinates as shown in Figure 2, denoted here as
DTRF2014-based, ITRF2014-based and JTRF2014-based solution, re-
spectively. Additionally, we include a fourth solution in our comparisons,
which is a routine VLBI-only combined quarterly TRF solution called
VTRF2015q2 (aligned to ITRF2008). t
text

Fig. 1: Flowchart of the session-wise combination process applied at the IVS Combination Center.
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Fig. 2: IVS combination scheme using the three different ITRS realizations.

Scale parameter
VLBI internal scale validation

To compare the resulting scale parameters, a session-by-session
Helmert transformation is calculated between the combined solution
with respect to the global TRF solution VTRF2014, i.e. the TRF solution
based on session-wise SINEX intended for ITRF2014. This comparison
is shown in Figure 3, where the scale factor is smoothed by a sliding
median using a 90-day window and a 7-day moving step. The individual
(unsmoothed) sessions are shown in gray.

The annual signal of the scale parameter is shown in red calculated
using the time span of ITRF2014 (i.e. 1979.6-2015.0) and in blue cal-
culated using the time span of ITRF2008 (i.e. 1979.6-2009.0). The
figure clearly shows a correlation between the scale parameter and
the annual signal. Around the year 2010 the scale shows a reduced
annual signal and higher frequency variations. Accordingly, a reduction
of the amplitude may be expected if the whole ITRF2014 time span is
used in contrast to the shorter time span of ITRF2008. Comparing the
amplitudes of both annual signals, the amplitude of the red curve is
reduced for about 0.01 ppb and has a phase shift of 7 days (see detailed
plot on the right top of Figure 3). The variations starting in 2010 can
thus be assumed as high-frequency noise covering the annual signal.
Two epochs show irregularities: in the end of 2003, and towards the end
of the data set, before 2014. The corresponding periods contain many
regional sessions with an disadvantageous global station distribution
for scale determination. A closer look at the scale parameters for this
time periods using only R1 or R4 sessions is provided in Figure 4.

The regularly observed IVS R1 and R4 sessions (i.e., once per week
each) contain a minimum number of well-distributed participating sta-
tions which lead to a reduction of the peculiarities around 2003/2004 for
both R1 and R4 sessions. We observe that, in consequence, the irregu-
larity around 2004 disappears for a network with at least seven stations,
while the sessions around 2004 seem to be dominated by regional and
small networks. Since sessions with more than seven stations are not
observed frequently or regularly, the effect of the smoothing in the scale
time series is rather theoretical and should be handled with care. An im-
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pact on the regional level seems to be caused by natural effects such as
flood or drought, which may explain the scale irregularities, considering
that especially 2003 was a year of exceptional drought in the Northern
hemisphere. The second irregularity around 2014 is influenced by the
fact that both reference frames (DTRF2008 and ITRF2008) contain
data observed until the end of 2008, meaning that estimated station
coordinates beyond this period need to be extrapolated for several years.
Additionally, the selection of datum stations for the Helmert transfor-
mation is reduced, since the VLBI network contains more new VLBI
telescopes which have not yet been part of DTRF2008 and ITRF2008.
Between 2010 and 2012, many severe earthquakes have affected sta-
tions within the IVS network. Consequently several new epochs and
discontinuities have been introduced into the VTRF2014. This also
leads to a more variable scale for these years. t
text

Fig. 3: Smoothed time series of scale parameter between VTRF2014 and session-wise combined solution
for the time span 1994.0–2015.0 (black) and the annual signals calculated over the ITRF2014 time span
(red) and over the ITRF2008 time span (blue).

Fig. 4: Detailed view of the smoothed time series of scale parameter between IVS combined solution and
DTRF2008 (solid line), using R1 sessions only (dashed line) and using R4 sessions only (circled line).

Scale results using
DTRF2014, ITRF2014, and

JTRF2014

To evaluate the scale using the three different ITRS realizations, a
session-wise Helmert transformation with respect to the routine quar-
terly combined solution VTRF2015q2 is calculated. Sessions observed
between 1990.0 and 2015.0, i.e., that time-span with good VLBI session,
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are used as input for the ITRF2014. Stations with discontinuities (e.g.
caused by Earthquakes) are excluded from the datum definition. Figure
5 shows the smoothed scale time series between the session-wise IVS
combined solution and the ITRS realizations investigated in our study
(DTRF2014, ITRF2014 and JTRF2014). Additionally, previous ITRS
realizations, like DTRF2008 and ITRF2008, as well as the VTRF2015q2
(a TRF based on combined VLBI sessions) are shown. t
text

Fig. 5: Smoothed time series of the scale between the session-wise IVS combined solutions using the
different ITRS realization and the respective a priori frame DTRF2008 (light blue), DTRF2014 (dark blue),
ITRF2008 (light red), ITRF2014 (dark red), JTRF2014 (black) and VTRF2015q2 (ocher).

Peculiarities before 1994 as well as around 2004 and 2014, that are visi-
ble in each of the TRFs, can be explained by unfavorable network geom-
etry (see previous section and Figure 4). The figure shows a good agree-
ment between the two DTRF solutions (DTRF2008, DTRF2014), the
VTRF2015q2 solution and the JTRF2014 solution, scattering around the
zero line. Between about 1998 and 2002 a variation of the JTRF2014-
based scale can be observed. We see a noticeable difference for the
two ITRF solutions, with an offset for both solutions and an additional
trend for the ITRF2014-based solution. Table 1 shows the weighted
mean of the scale time series in addition to Figure 5. t
text

Table 1: Weighted mean and WRMS of the scale time series. The values given in [mm] are computed on the
Earth surface.

ITRS realization Weighted Mean (ppb) WRMS [ppb]

DTRF2014 -0.01 ± 0.01 (-0.1 mm) 0.88

ITRF2014 -0.59 ± 0.02 (-3.8 mm) 0.95

JTRF2014 0.19 ± 0.01 (1.2 mm) 0.78

VTRF2015q2 0.01 ± 0.01 (-0.1 mm) 0.91

DTRF2008 0.02 ± 0.02 (0.1 mm) 0.98

ITRF2008 -0.38 ± 0.02 (-2.4 mm) 1.02
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EOP results

Comparison to IERS 14C04,
IGS, and ILRS

The two DGFI solutions as well as the VTRF solution show no significant
offset for the weighted mean. A weighted mean of 0.19 ppb is calculated
for the JTRF2014, which primarily results from the scale irregularities
between 1998 and 2002. For the ITRF2008-based solution, a weighted
mean of -0.38 ppb (corresponding to -2.4 mm on the Earth’s surface)
was calculated. The ITRF2014-based solution on the other hand shows
a weighted mean of -0.59 ppb (i.e. -3.8 mm on the Earth’s surface).
For comparison, the scale offset estimated using SLR with respect
to ITRF2014 is about 0.7 ppb as found by V. Luceri for the SLR intra-
technique combined solution (personal communication2). Looking at the
WRMS of the scale time series, the JTRF2014-based solution shows
the smallest value of 0.78 ppb, which can be most likely explained by
the method of epoch reference frames in JTRF2014, allowing the best-
possible adaption for each week. The highest value has been detected
for the ITRF2008-based solution having 1.02 ppb, which is also not
astonishing as this is an older reference frame (similar to DTRF2008). t
text

In this section we investigate the impact of the various ITRS realizations
on combined EOPs derived from VLBI observations. First, we compare
EOPs resulting from the combination as described above with external
EOP series from IERS 14C04, IGS finals, and ILRS combined EOP time
series resulting from the ILRS input contribution to the ITRF2014. Addi-
tionally, we compare dUT1 to IERS 08C04. Then, we compare the EOP
time series which are provided by the IERS ITRS Combination Centers
along with the respective TRFs, i.e., by DTRF2014, ITRF2014 and
JTRF2014 (denoted DGFI, IGN and JPL hereafter, respectively), with
the long-term EOP IVS combined time series using the VTRF2015q2
as a priori station coordinates. t
text

Figures 6 to 9 show the comparison of the x-, y-pole, LOD and dUT1
resulting from the combination using DTRF2014, ITRF2014, JTRF2014
and VTRF2015q2 as a priori station coordinates with external series.
For consistency we keep the same order of the sub-figures for all
parameters (except for dUT1): IERS 14C04 (upper left figure), IGS
(upper right figure), ILRS (lower left figure) and the differences with
respect to the VTRF2015q2 shown in the lower right figure.

The x-pole comparisons in Figure 6 with respect to the IERS 14C04 se-
ries show no evident characteristics and a scatter around zero common
to each of the EOP solutions. The same yields for the comparison to
the ILRS solution, except for a characteristic peak around 2010/2011
(leaving aside the early, less accurate years before 2000). In contrast,
for the comparison to the IGS finals, we observe a slope between the
years around 2002 and 2015. This slope is associated with IGS anal-

2https://ilrs.cddis.eosdis.nasa.gov/docs/2017/ILRS_ASC_EGU2017_PRESENTATIONS.pdf.
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ysis only, since it is not visible in ILRS comparisons. We notice an
offset and a larger scatter of the JTRF2014-based EOP until 2007 com-
paring to the IVS VTRF2015q2-based solution. Also, the differences
between the various TRF solutions become larger again from 2013
onwards. Furthermore, we see a drift for the differences with respect
to the DTRF2014-based solution, but no significant characteristic for
the ITRF2014-based solution is visible. The reason for the drift remains
unclear.

The y-pole comparisons illustrated in Figure 7 show characteristic dif-
ferences with respect to the different external time series. We see
a peculiarity around 2006 for each EOP solution compared to IERS
14C04 and IGS. Whereas the comparison to IERS 14C04 shows a
scatter about zero with no visible characteristics, we observe a drift in
the IGS comparison starting around 2011 and an offset from 2010/2011
onwards in comparison with the ILRS solution. These characteristics
are common for each of the EOP solutions. According to SLR analysts,
this offset is due to modifications in the network configuration, and not
induced by earthquake affected stations. As already seen in the x-pole
comparison, the differences between the three TRF solutions become
larger from 2013 onwards. Common to the x-pole, the inter-TRF-based
comparison for the y-pole shows an offset of the JTRF2014-based so-
lution, as well, with negative sign before 2002/2003 and positive sign
afterward. Also, a larger scatter can be seen in the JTRF2014-based
series than for the DTRF2014- and ITRF2014-based solution. The
latter two solutions show a small offset of about 50µas between the
respective EOP solution.

The comparison of LOD shows little characteristic differences with re-
spect to external time series with a regular scatter around zero common
to all solutions with respect to IERS 14C04, IGS, and ILRS (not shown).
Also, the comparison with the VTRF2015q2-based IVS solution shows
a homogeneous scatter around zero with a moderately larger amplitude
for both ITRF2014-, and JTRF2014-based solutions as shown in Figure
8. This means that other effects than the choice of the a priori TRF have
an impact on the estimated LOD parameter.

Contrary to the comparison of the LOD estimates, the dUT1 parameter
series show significant differences comparing to IERS 14C04 (see
Figure 9). The DTRF2014- and JTRF2014-based solutions show an
offset of about 5µs and strong variations between the years 2000 and
2015. The ITRF2014-based solution shows an offset of about 2µas
and strong variations between 2000 and 2015 as well. However, the
VTRF2015q2-based solution does not show any noticeable offset, and
a regular scatter around zero. For the dUT1 comparison significant
differences between the IERS 14C04 (aligned to ITRF2014) and IERS
08C04 (aligned to ITRF2008) are visible. A noticeable discontinuity can
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be seen in the year 2000 for the IERS 08C04 comparison for each of
the solutions. This discontinuity disappears when comparing the dUT1
time series with the IERS 14C04 series. It is somehow surprising that
this discontinuity disappears for the VTRF2015q2-based solution as
well, since this solution is still aligned to ITRF2008. We conclude that
this discontinuity is independent of the a priori TRF used for the EOP
generation, but related to the IERS 08C04 series itself. In comparison
to the VTRF2015q2-based dUT1, offsets for all three TRFs can be
observed, as well as a larger scatter for the JTRF2014-based solution. t
text

Comparison to the EOPs
provided along with individual

TRFs

The ITRS Combination Centers at DGFI-TUM, IGN, and JPL provide
EOP time series that are generated consistently with the respective
ITRS realizations. To identify analysis-induced systematics, we compare
these series with the VTRF2015q2-based EOP time series as well as
the IERS 14C04 series. The x- and y-pole component comparisons
show inconspicuous variations between the three solutions, therefore
these comparisons are not given here. For the dUT1 differences (also
not shown here), the most noticeable effect is an offset of all three
EOP time series of about -5µs with respect to the VLBI-only combined
dUT1 solution. Furthermore, a systematic time-dependent signal can
be accounted for all three EOP differences in a range of about ± 5µs.
The reason for the offset is not yet clear and will be subject of further
investigations. Figure 10 displays the LOD comparison, since LOD
shows the largest variations among all investigated EOPs. The left
figure shows larger variations of the DGFI EOPs up to 20µs (black line),
while the LOD differences for the ITRF and the JTRF EOP solutions
agree on the µs level. The right figure shows the comparison with
respect to the IERS 14C04 series, where the DGFI solution shows
the smallest variations of all compared LOD series (DGFI-TUM, IGN,
JPL, and VTRF2015q2). The reason for these differences can be
found within the inter-technique combination procedure applied at the
different ITRS Combination Centers. DGFI-TUM incorporates all space
geodetic techniques into the LOD parameter, whereas the combination
procedures applied at IGN and JPL use only VLBI for LOD determination.
This leads to higher differences when comparing to intra-technique VLBI-
only EOPs and at the same time to a better accordance to the IERS
14C04 series. t
text
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Fig. 6: Comparison of VLBI x-pole time series based on different TRFs with the x-pole series IERS 14C04
(upper left), IGS finals (upper right), ILRS input for ITRF2014 (lower left). Additionally, the comparison of the
VLBI x-pole series based on VTRF2015q2 with the VLBI x-pole series based on the three other TRFs is
shown in the lower right figure. 90 days median values are shown.160
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Fig. 7: Comparison of VLBI y-pole time series based on different TRFs with the y-pole series IERS 14C04
(upper left), IGS finals (upper right), ILRS input for ITRF2014 (lower left). Additionally, the comparison of the
VLBI y-pole series based on VTRF2015q2 with the VLBI y-pole series based on the three other TRFs is
shown in the lower right figure. 90 days median values are shown. 161
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Fig. 8: LOD differences between the solutions based on the different TRFs and the VTRF2015q2-based IVS
solution are shown. 90 days median values are shown.

Fig. 9: dUT1 differences between the solutions based on the different TRFs and IERS 14C04 (left), and
IERS 08C04 (right). 90 days median values are shown.
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Fig. 10: Differences between the DGFI (black), IGN (green) and JPL (red) LOD with respect to the
VTRF015q3-based solution (left) and to IERS 14C04 (right). 90 days median smoothed values are shown.
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Conclusions We used the three ITRS realizations (DTRF2014, ITRF2014, and
JTRF2014) as a priori TRF within the session-wise VLBI combination
and investigated the impact on the parameters of interest, i.e. station
coordinates, scale, and EOPs. Regarding the station coordinates and
their repeatability we did not find significant differences. Though, we
found significant differences in the scale factor when comparing the
results to our routine IVS combined solution (i.e. VTRF2015q2). The
scale factor of the ITRF2014-based solution shows a significant off-
set (weighted mean over the scale time series) of -0.59 ppb. For the
JTRF2014-based solution we found an offset of 0.19 ppb, whereas for
the DTRF2014-based solution no significant offset was found.

The EOP time series generated using different TRFs as a priori within
the VLBI combination are compared to EOP time series provided by
IERS, IGS, and ILRS. For x- and y-pole, the comparison shows specific
effects when comparing to IERS 14C04 (a decline starting in 2013 for
x-pole, no irregularities for y-pole), IGS (an offset until 2006 followed
by a sinusoidal signal for x-pole and a decline starting around 2011 for
y-pole) and to ILRS (no irregularities for x-pole, but a discontinuity in
2010 for y-pole). Comparing to the VTRF2015q2-based solution we
found significant differences for the x-pole for the DTRF2014-based
and JTRF2014-based solutions, and an offset of the y-pole for all three
solutions with an additional larger scatter for the JTRF2014-based solu-
tion. For LOD, we found no significant differences between the different
EOP time series and the reference EOP series. Using ITRF2014 or
JTRF2014 leads to marginal larger scatter with respect to the VTRF-
based EOP series. The most significant impact can be seen for dUT1,
where all three solutions based on the three ITRS realizations show a
significant offset comparing to IERS 14C04, while the VTRF2015q2-
based solution does not reveal any offset. In contrast, comparing to
IERS 08C04, a significant discontinuity for each EOP series was found
in 2000, but no offset for DTRF2014 and JTRF2014 afterward. As a
consequence, it can be assumed, that the differences are represented
in the IERS C04 series. The comparison to the VTRF2015q2-based
solution shows an offset for all three TRF-based solutions. The compar-
ison of the EOP time series provided by the ITRS Combination Centers
along with the TRFs reveals a significant difference for LOD in case of
the DGFI series. This difference can be explained by the combination
procedure (see section above) as it disappears when comparing these
EOP series to IERS 14C04. t
text
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