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[1] In the framework of the activities of the Combination Research Centers (CRC) of the
International Earth Rotation and Reference Systems Service (IERS), the French Groupe de
Recherche en Géodésie Spatiale (GRGS) studies the benefit of combining space-geodetic
techniques (Doppler orbitography and radiopositioning integrated by satellite, GPS,
satellite laser ranging, and very long baseline interferometry) at the observational level.
This combination aims to produce a global and consistent solution for Earth orientation
parameters (EOPs), polar motion x,, and y,, and universal time UT1 with a 1-day or a
6-hour sampling, as well as weekly station positions. In this paper we present a
methodology for multitechnique combination at the observational level. We process the
measurements of the four techniques over a 1-year period (the year 2002) in order to
illustrate and validate our method. All techniques are processed with the same
computational framework, thus with the same models and a priori values for parameters.
By using the same software and conventions, we avoid inconsistencies in individual
computations. We process each technique individually and inside the combination. The
comparison between these solutions is a way of analyzing the power of our method even if

the actual status of our software does not reproduce the state-of-the-art analyses of
each technique. However, we produce an analysis of the quality of our individual
computations so that readers can get an informed appreciation of the current capabilities
of our software. Finally, we present the capability of such combinations in terms of
accuracy and precision, we underline the main issues of our method and propose solutions

to solve them in the future.
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1. Introduction

[2] One of the ultimate goals of space geodesy is to
estimate point positions on the Earth’s surface as accurately
as possible. Space-geodetic techniques also provide posi-
tions of the Earth’s rotation axis with respect to the crust and
values linked to the Earth’s rotation at given dates. These
quantities are major references for all geodetic and astro-
nomic applications. Indeed, anyone who wants to observe
an object in space (star, planet, artificial satellite, etc.) from
Earth often needs to position it with respect to a ground
instrument. This positioning is carried out through two
reference frames: the International Celestial Reference
Frame (ICRF) [Arias et al., 1995] and the International
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Terrestrial Reference Frame (ITRF) [Altamimi et al.,
2002a]. The transformation between these terrestrial and
celestial frames is directly linked to Earth rotation pheno-
mena. In particular, this transformation makes use of Earth
orientation parameters (EOPs) provided as daily time series
by the International Earth Rotation and Reference Systems
Service (IERS) [Gambis, 2004].

[3] All these fundamental geodetic products are compu-
ted by combinations of space-geodetic techniques (except
for ICRF, which is only computed with very long baseline
interferometry (VLBI)). Indeed, combining techniques
takes advantage of the capabilities of each individual
technique. For example, satellite laser ranging (SLR) is
known as the most accurate technique for assessing geo-
center motion. However, this technique depends on weather
conditions and its network is largely deficient in the
southern hemisphere. So, SLR can only give terrestrial
reference frames (TRFs) at large spatial (a few thousands
of kilometers) and temporal (not below 7 days) scales.
Combining SLR with other techniques such as GPS and
Doppler orbitography and radiopositioning integrated by
satellite (DORIS) improves the geographic distribution of
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stations in the global network and, for colocated sites, the
temporal distribution of measurements.

[4] The present approach consists in directly combining
geodetic products. As an example, the ITRF computation is
based on individual sets of mean positions and velocities of
ground stations [Altamimi et al., 2002a]. EOPC04 time
series are derived from individual EOP time series [Gambis,
2004]. Indeed, these series are computed with VLBI mea-
surements and satellite technique measurements (GPS, SLR,
and DORIS). VLBI provides absolute but sparse reference
for the determination of universal time (UT1). Satellite
techniques provide the short-period variations of this quan-
tity (and, more particularly, its time derivative, length of day
(LOD)) and pole coordinates x,, and y,,. Producing EOP time
series consists in combining the solutions computed by
analysis centers for each of these different techniques.
Several sources of inaccuracy can alter results of such
combinations.

[5] First of all, individual EOP time series may contain
systematic errors. The present combination process takes
these heterogeneities into account by estimating and remo-
ving linear trends [Gambis, 2004]. Other types of systematic
error can thus alter results.

[6] Second, the diversity of software (algorithms, con-
stants, and models) and strategies developed and used by
analysis centers can generate inconsistencies between indi-
vidual time series. Even if these inconsistencies should be
reduced thanks to the use of IERS conventions [e.g.,
McCarthy and Petit, 2004], subtle differences may still lead
to systematic effects.

[7] Furthermore, space-geodetic techniques do not have
networks of the same quality. SLR and VLBI networks are
poorly distributed in the southern hemisphere. Consequently,
subnetwork effects can cause additional inconsistencies.

[8] Finally, the different products of IERS (ITRF, ICRF,
and EOPs) are still computed independently; this inevitably
leads to inconsistencies between them.

[o9] In order to eliminate possible inconsistencies in
solutions produced by these various techniques, we propose
to combine VLBI, SLR, GPS, and DORIS techniques at the
measurement level. Theoretically, this approach is the most
satisfactory as it is closer to measurements. Furthermore, by
using the same software to carry out the computations, we
guarantee that any inaccuracy is identically shared by all the
involved techniques. This kind of combination has already
been investigated in the recent past and has been applied to
VLBI sessions [Andersen, 2000] and to several techniques
albeit over a shorter period of time (3 months) with a single
estimation of station positions [Yaya, 2002].

[10] Our combination, directly based on measurements,
has many advantages. First, observations for all techniques
are processed with the same software (GINS/DYNAMO).
They are thus processed with the same fundamental con-
stants, the same physical models, and the same a priori
values for parameters. This avoids systematic differences
due to heterogencous computational frameworks.

[11] During our combination process, we can still estimate
parameters linked to individual techniques (range biases for
SLR, clock parameters for VLBI, etc.) and, consequently,
individual computations should still be optimal.

[12] Our combination involves independent and comple-
mentary information on common parameters. Regarding
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EOPs, it must directly provide UT1 with a regular sampling
without any long-term drift. Indeed, only VLBI can really
give UTT1; all satellite techniques are by definition limited
by correlations with the longitudes of the ascending nodes
of the orbits. With regard to this parameter, the observa-
tional level can then be used to combine the partial
derivatives of all these techniques. As a result, values
estimated by VLBI can thus be interpolated through satellite
techniques by reducing correlations.

[13] Our combination is clearly a first step toward an
“ideal” combination at the measurement level. Indeed,
theoretically speaking, such an ideal combination at the
measurement level should have major advantages. First of
all, radio wave techniques (GPS, DORIS, and VLBI) are
still limited by atmospheric propagation. The SLR tech-
nique is not so much affected by this phenomenon. A
combination could thus take advantage of the exact infor-
mation provided by SLR to improve results for GPS,
DORIS, and VLBI in colocated sites, by estimating com-
mon atmospheric delays, for instance.

[14] Another form of colocation could be generated by
satellite orbits. Indeed, some satellites (Jason-1 for instance)
are equipped to be tracked by several observational techni-
ques. So, such an approach could also link these different
techniques by this kind of spatial tie.

[15] Moreover, this kind of combination should reveal
systematic differences between techniques and reduce them
in order to provide EOP and station position estimations in a
unified global combined TRF. This approach clearly
resolves geometric problems for SLR and VLBI. Further-
more, it could lead to a validation of local ties in IERS
geodetic sites. Also, these local ties could be used as
complementary information during the combination pro-
cess. In addition, satellite techniques can monitor geocenter
motion (with different levels of accuracy). Such a combi-
nation at the observational level could also give the oppor-
tunity to estimate a combined geocenter motion. It would
provide a supplementary link between SLR, GPS, and
DORIS.

[16] Finally, such a combination, carried out at the
measurement level, should generate all geodetic products
(CRFs, TRFs, EOPs, and Earth gravity field).

[17] It is obvious that such an ambitious computation is
still utopic as the problems involved are numerous and quite
arduous. However, such a combination is clearly the goal to
reach in the future. To this end, we are developing a new
multitechnique analysis package, but it has not yet worked as
well for each technique as specialist software (especially for
GPS and VLBI) and the model used has not yet been
optimized to carry out an optimal combination at the obser-
vational level. So, as a first computation, we have carried out
a more reasonable and simple combination. Indeed, we have
not considered atmospheric delays as common parameters
between techniques: the GINS/DYNAMO software has not
yet been upgraded to consider atmospheric delays as links
between geodetic techniques. We have limited our efforts to
terrestrial links and, more particularly, to EOPs (x,, y,, and
UTT1). We have not used local ties between instruments in
colocated sites. The reason is the problem of the heteroge-
neity between the terrestrial reference frames of each tech-
nique inside the combination. This problem is exhaustively
discussed in section 5. Finally, considering our recent expe-
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Table 1. Physical Models Used for the Orbit Computations
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Table 2. Physical Models Used for the EOPs

Type Description

Type Description

Earth gravity field
Atmospheric density
Planetary ephemerides

GRIMS5_Cl1 [Gruber et al., 2000]
DTM94 [Berger et al., 1998]
DE403 [Standish et al., 1995]

Earth time varying gravity field

Model in McCarthy and Petit [2004]
Model in McCarthy and Petit [2004]
FES2002 [Le Provost, 2002]
ECMWEF http://www.ecmwf.int/

Solid Earth tides
Solid Earth pole tide
Oceanic tides
Atmospheric pressure

rience for GPS and VLBI computations with GINS software,
we have decided to keep only EOPs and station positions as
parameters worthy of interest.

[18] So, this first combination carried out at the measure-
ment level (more rigorously at the normal system level, in
fact) aims to (1) prove that combining the partial derivatives
of the four techniques involved with respect to U7l can lead
to an absolute universal time with the density of GPS
solutions; (2) design a methodology of combination which
can be used as a starting point by other groups in the world;
(3) produce a concise but precise review of what can be
expected from such a combination at the measurement
level; (4) highlight some important problems and present
some clear and precise prospects to take these critical
aspects into account in the near future.

[19] In this methodological paper we describe the project
of combination and, more particularly, the software and the
models used as well as the individual computations for each
technique. We then detail the method of combination and
analyze the results obtained for EOPs. Finally, we explore
ways to take advantage of such a combination to estimate
not only EOPs but also homogeneous global TRFs pro-
duced weekly.

2. Contributions of Geodetic Techniques
2.1. Physical Models

[20] The test period chosen for our computations is
the year 2002. More precisely, this period begins on
30 December 2001, 00 hours 00 min 00 s (modified
Julian day (MJD) 52 273) and ends on 4 January 2003,
23 hours 59 min 59 s (MJD 52 646). Indeed, the station
positions are estimated every GPS week (each GPS week
begins on Sunday, 00 hours 00 min 00 s UTC and ends
on the following Saturday, 23 hours 59 min 59 s UTC).
The analysis is limited to a core of parameters: EOPs,
station positions, and range biases for SLR. Other
parameters like orbital coefficients or atmospheric delays,
used for our computations, are previously reduced in the
normal systems.

[21] The GINS/DYNAMO software was developed in
the early 1970s by the Centre National d’Etudes Spatiales
(CNES)/Observatoire Midi-Pyrénées (OMP). This software
has been provided to several research groups in the
framework of the Groupe de Recherche en Géodésie
Spatiale (GRGS) (CNES/OMP, Noveltis, Collecte Locali-
sation Satellite (CLS), Observatoire de la Céte d’Azur
(OCA)/GEMINI, and Paris’ Observatory).

[22] The physical models for the orbit computations and
for the a priori variations of EOPs and station positions are
described in Tables 1, 2, and 3 respectively.

A priori time series
Quasi-diurnal variations
Greenwich Sidereal Time
Precession

Nutation

EOPC04 [Gambis, 2004]

Model of McCarthy and Petit [2004]
Model [Adoki et al., 1982]

Model [Lieske et al., 1977]

Model of McCarthy [1996]

[23] Regarding the global network of ground instruments,
not all stations used for the computations are present in
ITRF2000. Indeed, the positions of 28 DORIS beacons have
previously been computed in the ITRF2000 reference
frame. The eccentricities are taken equal to the values in
ITRF2000 for SLR and VLBI; they are equal to zero for
DORIS. Regarding GPS, these eccentricities are taken from
the daily revised SINEX file igs.snx available at ftp:/
igscb.jpl.nasa.gov/igscb/station/general. This file also pro-
vides the phase center corrections for GPS. Regarding the
DORIS technique, these corrections are 487 mm for the
positioning beacons and 510 mm for the orbitography
beacons.

[24] Regarding EOPs, the a priori time series are official
EOPCO04 time series. For each measurement, these time
series are interpolated between the tabulated epoch and the
considered measurement epoch with a four-point lagrangian
polynomial interpolation. Regarding the interpolation of
UT1 time series, we do not use the model of zonal tides
[Yoder et al., 1981].

[25] In order to make our results comparable to those
produced by international analysis centers, we estimated
EOPs (x,, v, and UT1; the EOP rates were not computed)
each day at noon. Moreover, in order to find possible
evidence of quasi-diurnal residual signals, we also computed
combined EOP time series with a 6-hour sampling. We
implicitly consider here that these 6-hour EOP offsets are
computed with respect to the EOPC04 time series with a
6-hour sampling.

[26] Equations (1) show the mathematical models used
for EOPs and station positions at a given time ¢. The
estimated parameters are the SEOP and OX; offsets with
respect to the models mentioned in Table 2 and Table 3. In
order to get a satisfactory distribution of measurements,
these offsets are supposed constant over a given period of
time: over 6 hours or 1 day for EOPs and over 1 week for
station positions. EOP §EOP offsets as well as estimated
0X; geocentric position offsets must reflect not only
deficiencies in the a priori models used but also unknown

Table 3. Physical Models Used for the Station Positions

Description

ITRF2000 [Altamimi et al., 2002a]
ICRF [drias et al., 1995]

Model of McCarthy and Petit [2004]
Model [Wahr, 1985]

Computed with FES2002

Computed with field of ECMWF

“The celestial reference frame is only used for VLBI.
®We only use tidal components.
“We only use nontidal components.

Type
A priori reference frame
Celestial reference frame®
Solid Earth tides
Solid Earth pole tide
Oceanic loading”
Atmospheric loading®
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Figure 1.

signals or even artificial signals induced by the computa-
tion methods.

EOP(t) = EOP*""™"(t) + 6EOP(t)
EOPaprmrl(t) EOPEOPC04( 1)+ EOPq.fdiur.(t)
Xi(t) = X" (1) + 8X;
xe pmm (t) = X]TRFZOOO (o)
+ /Yi[TRFZOOO(tO)( t—ty)
o+ X (1) - XN (1) + X (1) (1)
2.2. DORIS

[27] The 3.5-day orbital arcs are computed for five
satellites: Satellite Pour 1’Observation de la Terre (SPOT)
2, 4, and 5, ocean Topography Experiment (TOPEX/
Poséidon) and Environmental Satellite (ENVISAT). This
length of arc is in fact variable (between 1 and 3.5 days)
to take orbit correction maneuvers and data gaps into
account. Drag coefficients, solar pressure coefficients,
tropospheric zenithal delays, frequency biases, and empirical
parameters [Crétaux et al., 1994] are estimated during the
orbit processing. The estimation of tropospheric zenithal
delays is based on the CNET mapping function [Baby et
al., 1988]. The network of ground beacons used for DORIS
computations is shown in Figure 1. The data from a total
number of 58 beacons are processed and the data from a
mean number of 47 beacons are used every week. Measure-
ments for each satellite alone do not necessarily cover the
whole test period as shown in Table 4. However, by
gathering the weekly normal matrices for all the satellites,
we generated 53 weekly normal matrices covering the test
period.

[28] Table 5 shows the amounts of data (mean values are
given for 3.5-day orbital arcs) used for the DORIS

Doppler orbitography and radiopositioning integrated by satellite (DORIS) beacon network
used for the computations.

computations and the mean weighted RMS values of the
orbital residuals. These RMS values indicate a good
consistency between the orbital arcs of the three SPOT
satellites and TOPEX/Poséidon. For ENVISAT, the RMS
values are a little bit larger. It must be noticed that these
DORIS computations are carried out by LEGOS/CLS, an
official International DORIS Service (IDS) analysis center.

2.3. GPS

[29] Two-day orbital arcs are computed for the satellites of
the GPS constellation. We process undifferentiated (phase
and pseudo-range) iono-free measurements at a sampling rate
0f900 s. The atmospheric drag is ignored. We consider phase
ambiguities as real-valued parameters. The elevation cutoff
angle is 15 degrees for phase and range data. Clock param-
eters are adjusted as independent parameters for each epoch
0f 900 s and for each station and each GPS satellite (except
for one station which is kept as reference). A tropospheric
vertical bias is estimated for each station every 3 hours using
the CNET mapping function [Baby et al., 1988]. The solar
pressure force is modelled by using empirical Bar-Sever’s
model [Bar-Sever and Kuang, 2003] and we compute a bias
in the Y direction and a scale factor per day on the pressure
force for each GPS satellite. No pseudo-range biases are
applied. The a priori standard deviation values are 1 m (1 cm)
for range (phase) measurements.

Table 4. Distribution of the DORIS Measurements in Time

Satellite Data Beginning Data Ending
SPOT 2 2001.12.30 2003.01.04
SPOT 4 2001.12.30 2003.01.04
SPOT 5 2002.06.16 2003.01.04
TOPEX/Poséidon 2001.12.30 2003.01.04
ENVISAT 2002.07.21 2003.01.04
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Table 5. Amounts of Data Used (Total Amount/Mean Amount
Per 3.5-Day Orbital Arc) and Mean Weighted RMS Values of the
Residuals for the DORIS Orbit Computations

Satellite Data Used RMS Values
SPOT 2 14 273/135 0.45 mm/s
SPOT 4 14 719/140 0.45 mm/s
SPOT 5 20 929/197 0.41 mm/s
TOPEX/Poséidon 18 763/177 0.44 mm/s
ENVISAT 11 174/105 0.53 mm/s
Total amount 79 858/753

[30] The ground network of receivers used for the GPS
computations (Figure 2) does not encompass all the exis-
ting GPS receivers; it is clearly a reduced network. Indeed,
this network results from a compromise between the
processing capacities of GINS software (data volume, type
of receivers manageable by the software, etc.) and the
quality of the computed orbits: the receivers which give
large orbit residuals are eliminated. For instance, KOUR is
not manageable by our computation chains, and so this
station appears only once during the whole year 2002.
However, we try to always keep a satisfactory distribution
of the receivers for the obtained global network. The data
from a total number of 72 receivers are processed and the
data from a mean number of 59 receivers are used every
week.

[31] The amounts of data (mean values are given for
2-day orbital arcs) used for the GPS computations and the
mean weighted RMS values of the orbital residuals are
shown in Table 6. Furthermore, comparisons of our orbits
with respect to the official International GNSS Service
(IGS) combined orbit show three-dimensional RMS values
of differences 2.5 to 3 times larger than those obtained with
the orbits of IGS analysis centers. This comparison shows
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that our GPS computations are not yet at the level of the
best international GPS data processing.

24. SLR

[32] The two geodetic Laser Geodynamics Satellites
(LAGEOS) are used for the SLR computations. Nine-day
orbital arcs are computed for these satellites, but only the
7 central days of these arcs are kept for parameter estima-
tion. Indeed, remaining orbital errors have a stronger value
at the beginning and at the end of individual orbital arcs. In
order to significantly reduce these orbital errors, we also
compute empirical parameters deduced from Hill’s theory
[Crétaux et al., 1994] for the three directions (radial, along-
track, and across-track). The tropospheric correction is based
on the model in the work of Marini and Murray [1973].
Furthermore, we have developed and used a new way of
computing range biases. Indeed, these biases are largely
correlated with station position vertical components. As a
result, if they are not estimated, we can damage the estima-
tions of these vertical components and, as a consequence, the
scale of the underlying TRF. To avoid this problem, we use
our temporal decorrelation method [Exertier et al., 2004]
consisting in estimating range biases per satellite over a long
period together with all the other parameters.

[33] The SLR ground station network used is shown in
Figure 3. This network is in fact a dynamic network. Indeed,
all stations in this network do not necessarily provide the
same amount of data on the two LAGEOS satellites every
week. The stations for which the total amount of data on
both LAGEOS satellites do not exceed 20 normal points on
a given week are removed from computations. Including
these stations in the network can induce numerical problems
in the parameter estimation (see section 5.2). The data from
a total number of 29 stations are processed and the data
from a mean number of 17 stations are used every week.
The amounts of data (mean values are given for the 7-day

Figure 2. GPS receiver network used for the computations.
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Table 6. Amounts of Data Used (Total Amount/Mean Amount
Per 2-Day Orbital Arc) and Mean Weighted RMS Values of the
Residuals for the GPS Orbit Computations

Measurement Data Used RMS Values
Pseudo-range 10 132 187/54 621 36.3 cm
Phase 10 132 187/54 621 5.7 mm

Total amount 20 264 374/109 242

orbital arcs actually kept) used for the SLR computations
are shown in Table 7. This table also shows the mean
weighted RMS values of the orbital residuals. These centi-
meter RMS values are satisfactory. Moreover, comparisons
of our orbits with orbits computed by an official Interna-
tional Laser Ranging Service (ILRS) analysis center reveal
three-dimensional RMS values of differences at the level of
2-3 cm.

2.5. VLBI

[34] Regarding the VLBI computations, all relativistic
effects are rightly handled in barycentric timescale and
frame in agreement with the recommended conventions
[McCarthy and Petit, 2004]. Indeed, these relativistic effects
are taken into account in the transformation between the
geocentric and the barycentric frames (Lorentz’s transfor-
mation). They are also applied to model the effect of radio
wave propagation in solar system (the effects of the Sun, the
Moon, and the Earth are considered). We consider instru-
mental and atmospheric delays. Only the group delays are
used and the considered tropospheric model is the model in
the work of Niell [1996]. Moreover, zenithal delays are
estimated twice hourly.

[35] We use four types of data from the International VLBI
Service (IVS) programs: IVS-R1 (database code (DBC) XA,
named ‘“‘sessions A’ in the following), IVS-R4 (DBC XE,
called “sessions E” in the following), JARE project (DBC
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XF, named “sessions F” in the following), and, finally,
intensive sessions for UT1 (the so-called “sessions U””). The
IVS-R1 and IVS-R4 programs aim to provide EOP estima-
tions twice a week. The Japanese Antarctic Research Expe-
dition (JARE) project is intimately linked to the Syowa
Antarctica and OHIGGINS programs. This latter aims to
detect tectonic motions and to improve the TRF in the
southern hemisphere. Finally, intensive sessions are reserved
for UT1 computation. They use a unique east-west baseline
(Kokee, USA to Wettzell, Germany). For more details on
these programs, please consult the Web site http:/ivsce.
gsfc.nasa.gov/program/descrip2002.html. By combining
these different sessions, we aim to take advantage of all
existing VLBI measurements to better estimate EOPs. This
combination is fully described by Coulot [2005]. Although
we work with individual VLBI sessions which can be
sparsely located in time, we add them together in order to
obtain weekly normal matrices. This mixing is consistent
with the other geodetic techniques and can especially be
used to compute the TRF linked to this technique every
week. It can seem odd to use the VLBI intensive sessions:
the geometry of the data involved is indeed highly biased
due to the long east-west baseline with limited mutual
visibility. In fact, there is no reason to exclude the session
U data in the computations if all the session types are
combined together. Indeed, in this case, the geometry is
satisfactorily completed by the other sessions for which the
same antennae have been used. Furthermore, numerical tests
have proved that the combined UT1 results were damaged if
the session U data were not included in the computation
process [Coulot, 2005]. Figure 4 illustrates the ground
network of VLBI antennae used for the computations.
This network is dynamic as it depends on the sessions
used for a given week. The data from a total number of
21 antennae are processed and the data from a mean number
of 6 antennae are used every week. Indeed, sessions A can

Figure 3.

Satellite laser ranging (SLR) station network used for the computations.
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Table 7. Amounts of Data Used (Total Amount/Mean Amount
Per 7-Day Orbital Arc) and Mean Weighted RMS Values of the
Residuals for the SLR Orbit Computations

Satellite Data Used RMS Values
LAGEOS-1 64 342/1 214 1.23 cm
LAGEOS-2 58 035/1 095 1.00 cm

Total amount 122 377/2 309

involve 6—8 antennae, sessions E can involve 6—8 antennae,
sessions F can require up to 6 antennae, and sessions U use
only 2 antennae. The amounts of data (mean values are
given with respect to the chosen weekly sampling) used for
the VLBI computations and the mean weighted RMS values
of the estimation residuals are shown in Table 8. The RMS
values are converted into metric values in order to be
comparable with those of the other techniques. The results
show a global mean RMS value over all the different
sessions close to 1 cm. This mean value shows that our
VLBI computations are not yet at the level of the best
international VLBI computation.

3. Combination Method
3.1. Reference System Effects

[36] Inversion of normal matrices involving station posi-
tion offsets can give rise to difficulties. Indeed, these normal
matrices can have significant rank deficiencies. Thus their
inversion is impossible without the addition of the lacking
information. These rank deficiencies are directly linked to
deficiencies in the definition of the underlying TRFs; all
space-geodetic techniques are not sensitive to all degrees of
freedom of a TRF in space. The reference system effect is a
criterion identifying such badly defined degrees through the
variance matrix of station position solutions computed for a
geodetic technique with a given analysis strategy [Sillard
and Boucher, 2001]. When these badly defined degrees of
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freedom are identified, minimum constraints can be added
to the normal matrices in order to provide the necessary
information and no more [Altamimi et al., 2002b]. The
reference system effect criterion has been developed, tested,
and validated for variance matrices of station positions
[Sillard and Boucher, 2001]. However, all space-geodetic
computations now involve not only station positions but
also EOPs. These EOPs provide the orientation of their
underlying TRF. For this reason, we decided to generalize
reference system effect to EOPs. In the context of the
estimation of daily EOPs over a given week (presently the
most usual configuration of space-geodetic computations),
we can write the transformation between EOPs linked to
two TRFs 1 and 2:

Ry
EOP?> = EOP' +B.| Ry | = EOP' + B.p )
Rz
with [cf. Zhu and Mueller, 1983]
x;'}(ll) 0o -1 0
x3(17) 0 -10
J’p(tl) _.1 0 O
EOP' = and B=| o (3)
i -1 0 0
yI’(l_‘7) 0 0 1
UT1 (1)) 7
UT1i(17) 0o 0 ;

where f'=1.002737909350795 is the ratio between sidereal
and universal times [Aoki et al., 1982]. The entire
development used to derive the reference system effect theory
[cf. Sillard and Boucher,2001] can be transposed to EOPs, the
starting point being the previous relations (2) and (3).
Here is the result. Considering A the variance matrix of

Figure 4. Very long baseline interferometry (VLBI) antenna network used for the computations.
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Table 8. Amounts of Data Used (Total Amount/Mean Amount
Per Week) and Mean Weighted RMS Values of the Residuals for
the VLBI Computations

Session Data Used” RMS Values
Session A 15 858/1 982 1.41 cm
Session E 43 208/1 080 1.26 cm
Session F 6 055/1 211 2.22 cm
Session U 2 681/51 0.65 cm

67 802/1 279

“For sessions A we have 8 weeks of data, 40 weeks for sessions E,
5 weeks for sessions F, and 53 weeks (so the whole year 2002) for sessions U.

Total amount

a given EOP set, A can be decomposed in a unique way as
follows:

variance matrix  internal noise  ref- sys. effect

=~ =~ —
A = Ay + BA,B

Ao =0y 1.AQT  and A, = (B".A"'.B)”'

4)

Computation of individual normal systems

Physical
models

Measurements

COULOT ET AL.: COMBINATION OF SPACE-GEODETIC TECHNIQUES

Weekly DORIS
normal systems

Weekly SLR
normal systems

y
Weekly GPS
normal systems|

Weekly VLBI
normal systems
]

Combination [computations

{_DYNAMO >

Weightsbased
on EOPs

—<_ DYNAMO >

i Weekly

four-technique
normal systems

DYNAMO

Weekly combined
solutions
for EOPs
and station
positions

B05410

where Q1 =1 — B(B"A"'B)"'B"A~". Numerical examples
of such reference system effects are given in sections 4
and 5.

3.2. Computational Scheme

[37] The scheme in Figure 5 describes in details all the
computations carried out during this project. First of all,
the GINS software, on the basis of the measurements and
the physical models described in section 2.1 (Table 1, Table 2,
and Table 3), produces weekly individual normal systems
related to EOPs, station positions, and range biases for the
SLR technique. These weekly individual normal systems
generated for DORIS, GPS, SLR, and VLBI are the starting
points of all the computations. In order to compare our
results with the international analysis center solutions
(section 4.1), we carry out individual computations. More-
over, the comparison between these individual solutions and
the solutions produced with the combination of the four
techniques is a direct internal validation of our method

EE Individual computations Weak

constraints
DYNAMO

Intermediate
solution

" Reference system
effect

ITRF2000

Minimum
constraints

DYNAMO

Weekly solutions
for EOPs
and station
positions

Minimum
constraint
normal matrices

TRANSFOR

Weekly
7-parameter
transformations
with respect
to ITRF2000

Figure 5. Methods used to compute the individual normal systems and, based on these systems, the

individual and combined solutions.
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Figure 6. Relative weights of the individual techniques in the combination. The weights are translated
into a priori standard deviation values of the measurements in centimeters for GPS, SLR, and VLBI and

in millimeters per second for DORIS.

(section 4.2). For a given technique, an intermediate solution
is computed each week with the addition of weak constraints
(1 m for station positions and equivalent values for EOPs). On
the basis of these weekly intermediate solutions, we carry out
studies of the reference system effects (software “REFSYS
EFFECT” in Figure 5). Deficiencies in definition of the
weekly underlying TRFs being identified, minimum con-
straints are added to the normal systems. We then solve these
systems to compute the weekly solutions (with a daily
sampling for EOPs) in the TRF linked to the technique. These
minimum constraints are applied with respect to ITRF2000.
On the basis of the station position solutions, the software
“TRANSFOR” computes the weekly seven-parameter trans-
formations between our weekly individual TRF solutions and
ITRF2000. Each week, the optimal values of the relative
weights are computed for the individual techniques through
their combination. These weights are based on the EOP
statistics (see next section 3.3). Then, these weights are used
to generate the weekly four-technique normal systems mixing
the measurements and the partial derivatives of all the
techniques. By applying minimum constraints per technique,
these weekly combined normal systems are used to compute
the combined EOPs (with 1-day or 6-hour samplings) and the
weekly station positions. The use of minimum constraints in
the framework of the combination computations is discussed
in section 5.

3.3. Weighting Technique

[38] In order to take the best advantage of each technique
for EOP computation, the weekly individual normal sys-
tems per technique are weighted by using an optimal
variance component estimation method [Sahin et al.,
1992]. Computing these relative weights requires common
parameters between techniques. With regard to our estima-
tion model, only EOPs are real common parameters. Fur-

thermore, satellite techniques can provide these EOPs with a
regular sampling, but VLBI can not. Consequently, the
common parameters used are in fact the EOPs at the times
provided by the natural sampling of the VLBI measure-
ments. It would be more rigorous to use all common
parameters between techniques to compute optimal weights:
in other words, to use not only EOPs but also positions of
colocated instruments as it is done for the ITRF computa-
tion [Altamimi et al., 2002a]. However, the heterogeneity of
the individual technique reference frames inside the com-
bination (see section 5) prevented us from using local ties
and, as a consequence, considering colocated station posi-
tions for the estimation of the optimal weights. Figure 6
shows the weekly computed weights for the four techni-
ques. Measurements of techniques are a priori weighted.
The weights of these techniques in the combination are
the products of the variance components computed with
Helmert’s method and the a priori weight matrices [cf. Sahin
et al., 1992]. To better study the actual weights assigned to
the individual techniques in the combination, we translate
the variance scale factors into a priori standard deviation
values of measurements. Table 9 shows the mean values of
these a priori standard deviation values for each technique
alone and inside the combination.

[39] The weights are very stable for the DORIS, GPS,
and SLR techniques. Indeed, the RMS values of the a
priori standard deviation values are 0.006 mm/s for
DORIS, 0.07 cm for GPS, and 0.08 cm for SLR. For
VLBI, the RMS value is 0.41 cm. Indeed, Figure 6 shows
values larger than 0.5 cm, thus less important weights, for
9 weeks in the year 2002 (weeks 6, 20, 21, 33, 37, 43, 44,
52, 53). For all these weeks (except for the week 37), only
the measurements of the sessions U were used to compute
the VLBI normal system. These sessions can not provide
all EOPs but only UT1 (see section 2.5). The weighting of
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Table 9. Mean A Priori Standard Deviation Values of the Mea-
surements of Each Technique Individually and in the Combination

Technique Individually In the Combination
DORIS, mm/s 0.57 0.41
GPS, cm 1.50 0.67
SLR, cm 1.11 0.87
VLBI, cm® 0.54 0.49

“In order to make them comparable with other results, the values for
VLBI are converted into centimeters.

the techniques is based on all the EOPs at the times
provided by VLBI. This is the reason why, for these
particular weeks, VLBI is less weighted.

[40] Table 9 shows that the most weighted technique is
GPS. Indeed, the a priori standard deviation values of the
measurements are divided by about 2 in the combination for
this technique. Furthermore, the standard deviation values
for VLBI are small and at the level of those obtained for
GPS. This technique does not have a negligible weight in
the combination even if the gain between standard deviation
values is only 1.1; the gain is the ratio between the mean a
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priori standard deviation values of measurements for the
technique alone and inside the combination. This gain is 1.3
for SLR for which the standard deviation values are higher
than GPS and VLBI values. So, this technique is less
weighted in the combination. Finally, the gain of 1.4
obtained for DORIS is comparable to the SLR gain. The
variance scale factors for these techniques are at the same
level. Although the values are not necessarily easy to
interpret for DORIS, the individual results described in
section 4 show that this technique is certainly less weighted
than the three others.

4. Results for EOPs
4.1. Solutions Per Technique

[41] We are fully conscious that our GPS and VLBI
computations have not yet been optimized, compared to
computations carried out by international analysis centers.
Nevertheless, in order to be rigorous and to make possible
for readers to assess the quality of our individual compu-
tations, our individual daily EOP solutions are compared
here with the solutions of the international analysis centers
which provide the operational EOP time series used to

Table 10. Description of the International Analysis Center Operational EOP Time Series Used to Produce the Combined Series C04 of
the IERS EOP Product Center, the Official Combined EOP Solutions From the International Services (IGS, IVS, and ILRS), and Our

Individual EOP Solutions®

Center Code Center Name and Location X, Vp UTl1 X, W LOD dy de
CODE® Bern University, Switzerland ° ° ° ° ° °

EMR Energy, Mines and Resources, Canada ° ° ° ° ° °

ESOC European Space Agency Operational Centre, Germany ° ° ° ° ° °

GFZ GeoForschungZentrum, Germany ° ° ° ° ° °

JPL Jet Propulsion Laboratory ° ° ° ° ° °

NOAA National Oceanic and Atmospheric Administration, United States ° ° ° ° ° °

SI10 Scripps Institution of Oceanography, United States ° ° ° ° ° °

IGS International GNSS Service official combined solution ° ° ° ° ° °

GRGS Groupe de Recherche en Géodésie Spatiale, France ° ° °

AUS® Geoscience, Australia ° ° ° ° °
BKG Bundesamt fiir Kartographie und Geodésie, Germany ° ° ° ° °
BKG int.4 Bundesamt fiir Kartographie und Geodésie, Germany °

GSFC Goddard Space Flight Center, United States ° ° ° ° °
GSFC int. Goddard Space Flight Center, United States °

IAA Institute for Applied Astronomy, Russia ° ° ° ° °
IAA int. Institute for Applied Astronomy, Russia °

MAO Main Astronomic Observatory, Ukraine ° ° ° ° °
SPBU Saint-PetersBurg University, Russia ° ° ° ° °
SPBU int. Saint-PetersBurg University, Russia °

USNO United States Naval Observatory, United States ° ° ° ° °
VS International VLBI Service official combined solution ° ° ° ° °
GRGS Groupe de Recherche en Géodésie Spatiale, France ° ° °

GRGS int. Groupe de Recherche en Géodésie Spatiale, France °

CSR® Center for Space Research, United States ° ° °

DUT Delft University of Technology, Netherlands ° ° °

TIAA Institute for Applied Astronomy, Russia ° ° ° °

MCC Mission Control Center, Russia ° ° ° °

ILRS International Laser Ranging Service official combined solution ° ° °

GRGS Groupe de Recherche en Géodésie Spatiale, France ° ° °

JPL! Jet Propulsion Laboratory ° ° ° °

GRGS Groupe de Recherche en Géodésie Spatiale, France ° ° °

“For each solution, the center code used in the text, the center name, and its geographical location are listed. Black disks indicate which EOPs are

estimated in the considered solution.
These nine solutions are GPS solutions.
“These fourteen solutions are VLBI solutions.

9Here “int.” corresponds to the UT1 only based on the measurements from the VLBI intensive sessions U.

“These six solutions are SLR solutions.
These two solutions are DORIS solutions.
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Table 11. Statistics of the Differences Between the EOP Solutions Described in Table 10 and EOPC04 Time Series
Official Combined Solution From the Corresponding International Service “sol.-offic.
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“s0l.-C04” or the

Center Code x, sol.- C04 yp sol.- C04 UT1 sol.- C04 X, sol.- offic. ¥, sol.- offic. UT1 sol.- offic.
CODE —11/63 245/79 b —5/126 10/54

EMR 11/77 226/73 34/87 8/84

ESOC 38/120 297/100 53/139 82/104

GFzZ —21/86 170/91 —2/75 —38/81

JPL —21/63 227/56 —1/92 0/47

NOAA —26/183 329/183 7/197 123/203

SIO 3/74 295/55 24/94 69/62

IGS —28/47 223/47 . .

GRGS —37/102 159/101 . —17/116 —76/123 .
AUS —152/160 388/138 26/64 26/139 106/130 —61/227
BKG —120/205 426/165 17/114 77/152 139/141 —92/145
BKG int. . . 95/182 . . —520/137
GSFC —27/128 57/129 —32/130 155/124 —221/102 —109/153
GSFC int. . . —22/184 . . —154/267
IAA —153/162 401/139 28/94 40/125 129/108 —133/124
IAA int. . . 106/137 . . —5/326
MAO —249/225 440/250 —28/116 —105/264 174/235 —116/166
SPBU —61/124 118/99 —2/57 123/176 —157/171 —100/246
SPBU int. . . 121/152 . . 0/261
USNO —185/177 330/131 53/129 25/139 57/108 —1/156
VS —188/161 284/162 69/72 . . .
GRGS —135/225 187/243 38/111 81/226 —104/258 —31/132
GRGS int. . . 47/137 . . —22/155
CSR —1982/372 —1637/449 —1895/377 —1840/414

DUT 665/341 907/314 736/334 717/314

IAA 22/163 65/151 125/205 —128/192

McCC —169/179 —45/172 —69/231 —247/225

ILRS —107/168 203/175 . .

GRGS 39/245 210/208 153/267 —10/229

JPL 251/1640 —157/828

GRGS —416/939 —229/837

“For each parameter, the weighted mean/weighted standard deviation values are shown. Units are pas for x,, and y, and 0.1 s for UT1.
°As these parameters do not have physical sense, we have omitted the statistics of the UT1 values derived from satellite techniques.

achieve the combined C04 series of the IERS EOP Product
Center. We got these solutions from the IERS EOP
Product Center official Web site, http://hpiers.obspm.fr/
eop-pc/. These operational time series and our individual
EOP time series are also compared with the three inter-
national service (IGS, IVS, and ILRS; the IDS has not yet
provided an official combined solution) official combined
solutions. These solutions were obtained from the Crustal
Dynamics Data Information System (CDDIS) Web site,
http://cddis.nasa.gov/. All these solutions are described in
Table 10 which lists the center codes used in Table 11, the
center names, and geographical locations and, finally,
indicates the estimated EOPs in the considered solution.
Our individual solutions are named “GRGS.” Table 11
shows the statistics of all the solutions described in
Table 10. More precisely, it shows the weighted mean
and standard deviation values of the differences between
these solutions and EOPCO04 time series and the
corresponding official combined solution.
4.1.1. GPS Solutions

[42] Regarding GPS, the international solutions exhibit
negligible biases for the x, pole coordinate (the mean
value is about —4 pas) with respect to EOPC04 time
series. This mean bias is still low with respect to the IGS
official combined solution (the value is 16 pas). On the
contrary, the biases with respect to EOPCO04 series are
significant for y,; the mean bias is 256 pas. This bias
between GPS solutions and EOPCO04 series is well known

[Gambis, 2004]. Furthermore, this bias is present in all the
GPS solutions: it thus seems to be a bias directly linked to
the technique and not an artificial bias linked to the
computation method. Of course, this bias disappears when
the GPS solutions are compared with the IGS official
combined solution (the mean value is 36 pas). Indeed, the
IGS official combined solution has a 223 pas bias with
respect to EOPCO04 series. This significant bias for y, with
respect to EOPCO04 series is also present in our solution
(159 pas, nearly half of the mean value found for the
international solutions). Concerning the standard deviation
values, the GPS solutions are relatively homogeneous.
Indeed, the mean value is 95 pas for x, and 91 pas for y,,.
Results obtained for our solutions (102 and 101 pas) are
larger than these mean values. Furthermore, we can notice
in Table 11 that they are almost twice of the best values
obtained for the international solutions. Moreover, we must
notice that all the international centers compute not only
EOPs but also EOP rates; we do not compute these rates.
Also, it is well known that estimating a more important
number of parameters can significantly noise solutions.
Finally, the values obtained with respect to the IGS official
combined solution (nearly 4 mm for the two pole coordi-
nates) are a bit large.
4.1.2. VLBI Solutions

[43] For VLBI, the mean biases of the international sol-
utions with respect to EOPC04 time series are —135 pas for
X, 309 pas for y,, and 9 0.1 ps for UT1, respectively. The
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Figure 7. Comparison between the daily EOP offset time series produced with the SLR technique (thin
curves) and with the combination of the four techniques (thick curves), respectively. Units are mas for

polar motion and milliseconds for UT1.

great agreement between VLBI UT1 solutions and EOPC04
solution is predictable. Indeed, only VLBI can provide
absolute UT1 values. On the other hand, the biases are
really significant for pole coordinates. However, they are
reduced when the international solutions are compared with
the IVS combined solution. Indeed, the mean values are
46 pas for x, and 32 pas for y,. Regarding the weighted
standard deviation values, the mean values with respect to
EOPCO04 time series are 143 and 150 pas for pole coor-
dinates and 101 and 160 0.1 ps for UT1 and UT1 only
computed with the intensive session data, respectively.
These mean values are larger than GPS values. Indeed,
VLBI is a little bit less sensitive to polar motion than GPS is.
The values obtained for our solution for x, and y, with
respect to EOPCO04 series (225 and 243 pas) are very large
compared to the mean values obtained for the international
solutions. The same can be said for the comparison carried
out with respect to the IVS official combined polar motion
solution. These results show that our VLBI solution is not
really at the level of international solutions regarding polar
motion. On the other hand, the results obtained for UT1
(111 and 137 ps for UT1 and for UT1 only computed with
the intensive session data) are very close (even better in the
second case) to the mean values obtained for the interna-
tional solutions. However, we must notice that some
solutions exhibit weighted standard deviation values under
the 100 0.1 us level (AUS, IAA, and SPBU solutions in
Table 11). The values obtained with respect to the IVS
official combined solution (132 and 155 0.1 us, respectively)
are also satisfactory. Finally, we can notice that all the
VLBI analysis centers estimate celestial pole dv and de

offsets. Owing to an inability of GINS software, we do not
estimate these offsets. It can be a reason to explain the
relatively middle quality of our solution.
4.1.3. SLR Solutions

[44] As shown in Table 11, the results for SLR are
relatively heterogeneous. Indeed, the CSR and DUT
solutions are really incoherent with the three other ones
and especially with the ILRS official combined solution.
The mean biases with respect to EOPCO04 series are
—366 pas for x, and —178 pas for y, but, once again,
the significant heterogeneities make the interpretation of
results difficult. The ILRS official combined solution also
exhibits significant biases. It is also the case for our
solution. Indeed, the bias for y, (210 pas) is very close
to the value obtained for the ILRS official combined
solution (203 pas). The weighted standard deviation
values with respect to EOPC04 series are, on the
average, 264 pas for x, and 272 pas for y,. SLR appears
to be significantly less sensitive to pole coordinates than
GPS and VLBI are. Regarding our solution, the weighted
standard deviation values of the differences with respect
to EOPC04 series (245 pas for x, and 208 pas for y,)
are better than the mean values obtained for the interna-
tional solutions. Furthermore, taking into account the
heterogeneity of SLR solutions in Table 11, we can
remark that the values obtained for our solution are at
the mean level of international solutions, although if the
two centers (IAA and MCC) for which the values obtained
are the best ones also estimate LOD as a complementary
parameter. Moreover, the values obtained by comparison
with the ILRS official combined solution are also satisfactory.
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Table 12. Statistics (Weighted Mean/Weighted Standard Devia-
tion Values) of the Differences Between Our Combined Solutions
With a Daily Sampling and EOPC04 (“comb.-C04”") and the IGS
(““comb.-IGS™) Official Combined Time Series”

Comb.- C04 W.Mean W.Std. Comb.-IGS W.Mean W. Std.
X, -31 90 X, -9 100
Vp 159 92 Vp —68 86
UT1 —11 121 Ur1 .

“Units are pas for x,, and y,, and 0.1 us for UTI.

4.1.4. DORIS Solutions

[45] Only two DORIS solutions contribute operationally
to the computation of EOPC04 time series: our solution and
the JPL solution (see Table 11). The comparison of these
two solutions with respect to EOPC04 time series show
weighted standard deviation values at the same level for y,
but the JPL analysis center estimates LOD as an additional
parameter.

4.2. Combination Results

[46] Figure 7 shows the daily EOP offset time series
computed with SLR and the combination of the four
techniques, respectively. These offsets are computed with
respect to the a priori models given in relations (1). This
figure is sufficient to prove the efficiency of our combina-
tion. Indeed, we can clearly see a drift in the UT1 offset time
series computed by SLR. This drift is mainly due to the
dynamic method used to carry out the SLR computations. It
is impossible, in orbital signals sensed by artificial satellites,
to discriminate longitudes of ascending nodes from UT1.
Consequently, estimating orbital parameters together with
station positions and EOPs induces strong correlations
between these parameters (and, through them, the longitude
of the ascending node) and UT1. As a consequence, values
computed for UT1 do not really make physical sense. On
the other hand, Figure 7 shows that mixing partial deriva-
tives of all techniques cancels existing correlations for
satellite techniques with the help of the absolute information
brought in by VLBIL
4.2.1. General Analysis

[47] Table 12 shows the weighted mean and weighted
standard deviation values of the differences between our
combined solutions with a daily sampling and EOPC04 and
the IGS official combined time series. The results in Table 12
are very satisfactory, compared to the results obtained for the
individual techniques. Indeed, the weighted standard devia-
tion values for polar motion are better than the best values
obtained for any of our individual solutions in Table 11. The
weighted standard deviation value for UT1 is close to the
value obtained with VLBI only, even if it is a little bit larger
(121 0.1 us against 111 for VLBI). Furthermore, the values
in Table 12 show a significant bias (159 pas to 5 mm) for y,,
equal to the previous value found with GPS (see Table 11).
This bias demonstrates that the reference underlying our
EOP estimations is mainly due to GPS. Indeed, as previously
seen, this technique is highly weighted in the combination
and highly sensitive to polar motion. Figure 8 shows the
daily EOP offset time series for the individual techniques
and the combination of techniques. We can notice the
similarity between the GPS and combined solutions for
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polar motion. Indeed, the weighted standard deviation values
of'the differences between these two time series are 44 pas for
x,and 41 pas for y, (nearly 1 mm). GPS clearly dominates the
three others techniques in the combination regarding pole
coordinates. Regarding UT1, although they do not have the
same sampling, the VLBI and combined solutions are com-
parable. Furthermore, the VLBI solution does not have a
regular sampling. The combination has it, with a comparable
weighted standard deviation value. Finally, we can notice in
Table 12 that the standard deviation value of the difference
between our combined series and the IGS official combined
solution is lower for y, than the value obtained with respect
to EOPCO04 series. This result is encouraging. Indeed, the
IGS official combined polar motion series better correlate
with independent geophysical series than EOPCO04 series do
[Kouba, 2005].

4.2.2. Particular Analysis of the 6-Hour Solutions

[48] We have carried out spectral analyses over our
6-hour EOP offset combined time series. These analyses are
based on the software Frequency Analysis Mapping on
Unusual Sampling (FAMOUS), developed by F. Mignard
(OCA) in the framework of GAIA project [Mignard, 2004].
This software detects periodic signals in time series and
computes frequencies and amplitudes of these signals. Such
preliminary spectral analyses show a significant diurnal
signal (the period is close to 1.0027 days, 1 sidereal day)
for pole coordinates x, and y,. This diurnal signal found in
pole coordinates is in fact a retrograde signal as shown in
Figure 9. This signal has already been detected [ Watkins and
Eanes, 1994; Hefty et al., 2000].

[49] This artificial signal is due to the correlation between
orbital parameters and diurnal retrograde signals in polar
motion. It can appear when nutation offsets are not com-
puted [Hefty et al., 2000]. Also, owing to an inability of
GINS software, nutation offsets are not parameters of our
experiment. This artefact can be eliminated by applying
appropriate constraints. A physical retrograde signal of
frequency w and phase ¢ in polar motion can be modelled
as follows:

x, = pcos(wt + @)
Vp = psin(wt + ).

or, with p. = p cos ¢ and p; = p sin ¢,

X, \ _ |coswt —sinwt| [ p,. ()
Yp)  |sinwt  coswt |\ p,

[s50] Thus we can cancel any retrograde signal with the

constraints
1 p. 2.0
() =o(% %) (©

the matrix A resulting from the gathering of the daily
systems (5) over 1 week. As shown in the power spectra in
Figure 9, these constraints successfully eliminate the
artefact in the combined solutions. The removal of this
artificial diurnal retrograde signal strongly decreases the
weighted standard deviation values of the differences
between our 6-hour solutions and EOPC04 and the IGS
official combined time series as shown in Table 13.
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removal of the artificial retrograde signal.

[51] We can notice in Table 13 that our 6-hour solutions
produced after the removal of the diurnal retrograde artefact
have very satisfactory weighted standard deviation values
with respect to EOPC04 and the IGS official combined time
series (the values are at the same level). Furthermore, the
value obtained for UT1 (152 us) shows the quality of our
combined UT'1 solution (with respect to our VLBI solution)
computed with a 6-hour sampling (to be compared with the
discontinuous sampling provided by VLBI only).

5. Toward Combined TRFs
5.1. Individual TRFs

[s2] Table 15 lists all the reference system effects com-
puted for the DORIS, GPS, SLR, and VLBI techniques.
These effects are related to (1) the weekly solutions of
station positions alone (EOPs are held fixed) computed with
weak constraints of 1 m, (2) the weekly solutions of EOPs
(with a daily sampling) and station positions derived with
weak constraints of 1 m, (3) the solutions of EOPs (with a
daily sampling) and station positions derived with minimum
constraints applied on station positions. Regarding these
minimum constraints, Table 15 also indicates, for each
technique, the parameters for which these constraints are
applied. These parameters correspond to the parameters
which exhibit significant reference system effects (the bold
values in Table 15).

corresponds to the 6-hour solution before (after) the

[53] In order to make the weekly references underlying the
EOP estimates homogeneous over the whole year 2002, we
apply minimum constraints with respect to ITRF2000. Fur-
thermore, we use well distributed subnetworks per technique
to apply these constraints each week. Table 14 lists these
minimum networks for each technique. The method used to
find these optimal networks is the following:

[s4] 1. First, we computed EOPs and station positions with
very weak constraints of 10 km. Then, we computed the
seven-parameter transformations between the weekly TRFs

Table 13. Statistics (Weighted Mean/Weighted Standard Devia-
tion Values) of the Differences Between Our 6-Hour Combined
EOP Time Series Before and After the Removal of the Artificial
Retrograde Signal and EOPCO04 and the IGS Official Combined
Time Series®

Solution Xp p UTl1
Comb.- EOPC04 —28/234 165/215 —20/152
Comb.- EOPCO4 const.” —28/197 166/193 —20/152
Comb.- IGS —5/238 —64/218
Comb.- IGS const. —5/202 —64/196

aUmts are ;Las for x,, and y, and 0.1 us for UT1.

"Here “const.” corresponds to the 6-hour combined solutions after the
removal of the artificial diurnal retrograde signal produced with the
constraints (6).
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Table 14. Subnetworks Used to Apply Minimum Constraints With Respect to ITRF2000 for the Four Techniques®

DOMES Code Name Location T Longitude Latitude
10003S003 TLHA Toulouse France D 1.485 43.550
103175004 SPIB Ny Alesund Norway D 11.932 78.9234
123295001 SAKA Sakhalins Russia D 142.717 47.030
123345006 KIUB Kitab Uzbekistan D 66.885 39.135
12349S001 KRAB Krasnoyarsk Russia D 92.794 55.993
235015001 COLA Colombo Sri Lanka D 79.874 6.892
30302S006 HBKB Hartebeesthoek South Africa D 27.708 —24.113
306045002 TRIB Tristan Da Cunha United Kingdom (South Atlantic ocean) D 348.313 —36.935
398015005 MAHB Mahe Island Seychelles D 55.531 -3.321
40127S008 YELB Yellowknife Canada D 246.480 62.481
40408S005 FAIB Fairbanks United States (Alaska) D 213.518 64.973
404245008 KOKA Kauai United States (Hawai) D 201.665 22.123
417035009 EASB Easter Island Chile D 251.384 —26.852
50207S001 CHAB Chatham Island New Zealand D 184.566 —42.044
660065003 SYPB Syowa Antarctica (Japanese base) D 39.579 —68.995
912015004 KESB Kerguelen France (French Southern and Antartic lands) D 70.256 —48.648
914015003 AMTB Amsterdam France (French Southern and Antartic lands) D 77.571 —36.201
929025001 FUTB Futuna France (Wallis and Futuna) D 182.121 —13.692
12352M001 SELE Almaty Kazakstan P 77.017 43.179
12360M001 TIXI Tixi Russian Federation P 128.866 71.635
13504M003 KOSG Kootwijk (near Apeldoorn) Netherlands P 5.810 52.178
21613M001 LHAS Lhasa China P 91.104 29.657
30302M004 HRAO Krugersdorp South Africa P 27.687 —24.110
30314M002 SUTH Sutherland South Africa P 20.811 —31.620
40400M007 JPLM Pasadena United States P 242.173 34.205
40442M012 MDOI Fort Davis United States P 256.015 30.681
40477M001 MKEA Mauna Kea United States P 205.456 19.801
41703M003 EISL Easter Island Chile P 251.383 —26.852
43201M001 CRO1 Christiansted United States (Virgin Islands) P 296.584 17.757
50103M108 TIDB Tidbinbilla Australia P 148.980 —34.601
50127M001 COCO Cocos (Keeling) Island Australia P 96.834 —11.812
50207M001 CHAT Waitangi New Zealand P 184.566 —42.044
11001S002 7839 Graz Austria L 15.493 47.067
132125001 7840 Herstmonceux United Kingdom L 0.336 50.867
30302M003 7501 Hartebeesthoek South Africa L 27.686 —24.110
40451M105 7105 Greenbelt United States L 284.828 39.021
40497M001 7110 Monument Peak United States L 244.423 32.892
50107M001 7090 Yarragadee Australia L 115.347 —28.954
501198001 7849 Mount Stromlo Australia L 149.010 —34.684
127345005 7243 Matera Italy R 16.704 40.650
142015004 7224 Wettzell Germany R 12.877 49.145
21605S009 7227 Shanghai China R 121.200 31.099
40104S001 7282 Algonquin Park Canada R 282.073 45.956
404245007 7298 Kokee Park United States R 201.665 22.127
416025001 7297 Fortaleza Brazil R 322.426 —2.122
501165002 7242 Hobart Australia R 147.441 —41.196

“For each instrument, its DOMES number, its CDDIS code, its name, its geographical location (country), the technique involved, and its geographical

coordinates are listed. Unit is degree for longitude and latitude.

>“D” corresponds to DORIS, “P” corresponds to GPS, “L” corresponds to SLR, and “R” corresponds to VLBI.

and ITRF2000. To do this, we eliminated the stations for
which the estimation residuals were larger than 5 cm (3 cm)
for DORIS, SLR, and VLBI (GPS). The stations which were
eliminated in less than 26 weeks were kept.

[55] 2. Second, among these networks, we only kept the
stations for which the positions were at least computed for
37 weeks.

[s6] 3. Finally, among these “good” stations, we searched
for the subnetworks which minimized the reference system
effects over the whole year 2002.

[57] On the basis of these minimum networks, minimum
constraints are applied at a 0.1 mm level. Indeed, numerical
tests showed that it was an optimal value to really cancel the
reference system effects. Regarding the weekly solutions of
station positions alone, the results in Table 15 show pre-
dictable reference system effects. Indeed, all the satellite

techniques exhibit a strong effect for the third rotation due
to the dynamic approaches used to derive the solutions. This
effect is not present for VLBI. For this technique, strong
effects affect the three translations, highlighting the insen-
sitivity of VLBI to geocenter. On the other hand, we can
notice significant effects on the third translation for the
DORIS and GPS techniques. This effect is certainly due to
the geometry of DORIS measurements on the satellites
used. Indeed, DORIS network has the best distribution. A
bad definition of any degree of freedom of the TRF can only
be linked to the satellite constellation involved. For GPS,
we know (see section 2.3) that the network effectively used
can present a small number of receivers (nearly 50) for
some weeks. This can give rise to singularities in compu-
tations. Finally, SLR shows, through the effects on the three
translations, its ability to derive geocenter motion. Never-
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Table 15. Mean Reference System Effects Over the Year 2002 for the Weekly DORIS, GPS, SLR, and VLBI Solutions, cm

Solution Effect TX Ty TZ D RX Ry RZ
DORIS stations (weak constraints®) stations 0.13 0.13 0.54° 0.13 0.43 0.41 18.52
DORIS EOPs + stations (weak constraints) EOPs . . . . 16.51 16.77 .
DORIS EOPs + stations (weak constraints) stations 0.13 0.13 0.54 0.14 16.50 16.77 18.52
Constrained parameters® ° ° ° °
DORIS EOPs + stations (minimum constraints®) EOPs . . . . 0.51 0.47 .
DORIS EOPs + stations (minimum constraints) stations 0.13 0.13 0.02 0.13 0.02 0.02 0.05
GPS stations (weak constraints) stations 0.07 0.07 0.39 0.02 0.02 0.02 3.35
GPS EOPs + stations (weak constraints) EOPs . . . . 3.64 3.75 .
GPS EOPs + stations (weak constraints) stations 0.08 0.07 0.39 0.02 3.64 3.75 3.42
Constrained parameters ° ° ° °
GPS EOPs + stations (minimum constraints) EOPs . . . . 0.03 0.04 .
GPS EOPs + stations (minimum constraints) stations 0.07 0.07 0.01 0.02 0.01 0.02 0.01
SLR stations (weak constraints) stations 0.05 0.05 0.13 0.04 0.07 0.07 29.34
SLR EOPs + stations (weak constraints) EOPs . . . . 2.93 1.59 .
SLR EOPs + stations (weak constraints) stations 0.05 0.05 0.12 0.03 2.67 1.43 26.20
Constrained parameters ° ° °
SLR EOPs + stations (minimum constraints) EOPs . . . . 0.10 0.13 .
SLR EOPs + stations (minimum constraints) stations 0.05 0.05 0.12 0.04 0.02 0.04 0.02
VLBI stations (weak constraints) stations 38.18 38.18 38.18 0.25 0.19 0.22 0.09
VLBI EOPs + stations (weak constraints) EOPs . . . . 0.63 0.57 29.14
VLBI EOPs + stations (weak constraints) stations 38.28 38.15 37.80 0.25 0.69 0.57 29.13
Constrained parameters ° ° ° ° ° °
VLBI EOPs + stations (minimum constraints) EOPs . . . . 0.46 0.39 0.18
VLBI EOPs + stations (minimum constraints) stations 0.04 0.05 0.11 0.25 0.01 0.01 0.01

“Constraints to zero at the level of 1 m for station positions and EOPs.
®Doubtful values are bold.

“Black disks indicate the parameters for which minimum constraints are applied.
9Minimum constraints are applied with respect to ITRF2000 at the level of 0.1 mm.

theless, we can notice the larger effect on 7, probably due to
the bad distribution of SLR stations (Figure 3). Solutions for
EOPs and station positions derived with weak constraints of
1 m show new effects regarding the orientation of TRFs; the
reference system effects for EOPs are computed with
relations (4). This effect is predictable as, estimating EOPs
together with station positions, the orientation of the under-
lying TRF is not defined at all. Finally, regarding the
solutions computed with minimum constraints, we can
notice that the reference system effects derived from EOP
and station position variance matrices are no more coherent.
Indeed, the values are always a little bit larger for EOPs but
the effects are not so strong (typically a few millimeters):
consult section 5.2 for a discussion of this fact. These
reference system effects are below the millimeter level for
station positions. Indeed, the values are close to 0.1 mm (the
maximum value is 0.5 mm), the level at which minimum
constraints are applied. Table 16 shows the mean values and
the mean standard deviation values of the seven transfor-
mation parameters between the individual solutions com-
puted with minimum constraints and ITRF2000.

[s8] Values obtained for DORIS are rather large for the
two first translations but we can especially notice the large
bias for the scale factor, already highlighted by other groups
[Willis et al., 2007]. The standard deviation values are at the
level of a few millimeters, probably due to the good
geographic distribution of the DORIS beacons. Regarding
GPS, we can notice some large standard deviation values.
These values close to 1 cm are certainly due to deficiencies
in the reduced network we use. The values are satisfactory
for SLR which exhibits the smallest standard deviation
values for the two first translations in comparison with the
other satellite techniques. On the other hand, the very large

value (more than 1 cm) obtained for the third translation can
certainly be linked to the bad distribution of the SLR
network, and, as a consequence, to the relatively bad
distribution of the subnetwork used to apply minimum
constraints. The rotation standard deviation values at the
centimeter level show the difficulty for this technique to
derive the orientation of its underlying TRFs. Moreover, we
can notice the small mean value obtained for the scale factor
(1.5 mm), proof of a robust estimation of range biases.
Finally, the values are relatively small for VLBI for which
the results in Table 16 show the smallest standard deviation
values for the three rotations. This shows the great ability of
this technique to derive the orientation of TRFs in space.
Regarding the three rotations, we can notice the small
values obtained (less than 0.1 mm for VLBI and up to
4 mm for SLR). This shows the effectiveness of minimum

Table 16. Mean Values and Mean Standard Deviation Values of
the Seven Estimated Parameters of Transformation Between Our
Individual Solutions Computed With Minimum Constraints and
ITRF2000, cm

Parameter Ty Ty T, D Ry Ry R,
DORIS values —0.84 —-2.50 -0.32 4.66 —0.16 0.05 —-0.18
DORIS ¢* 0.48 0.47 0.06 0.49 0.08 0.08 0.20
GPS values —-0.25 —-0.01 —0.18 1.41 0.01 0.06 —0.01
GPS o 0.95 0.94 0.07 0.29 0.18 022 0.10
SLR values -0.17 0.39 1.59 0.15 0.01 038 -0.21
SLR o 0.45 0.44 1.18 0.33 0.18 036 0.21
VLBI values 0.00 -0.10 0.12 -0.38 0.00 0.00 0.00
VLBI o 0.15 0.22 0.44 0.95 0.04 0.04 0.04

*Here “o” corresponds to the mean standard deviation value of the

estimations.
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Table 17. Reference System Effects Computed Through the
Variance Matrices of EOPs and Station Positions for the First
Weekly SLR EOP and Station Position Solution Computed With
Weak Constraints of 1 m*
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Table 18. Mean Reference System Effects Computed Through the
Variance Matrices of Station Positions of the Weekly Combined
EOP and Station Position Solutions Estimated With Weak
Constraints at 1 m*

Parameter Standard Deviation Internal Noise = Parameter Effect
X, (mean) 1.44 0.03 Ty 0.03
¥p (mean) 0.40 0.04 Ty 0.03
Ry EOPs” 0.39 Ty 0.10
Ry EOPs 1.42 D 0.02
Ry stations® 0.38 Ry 7.45
Ry stations 1.37 Ry 7.03

R, 8.13

Unit is mas. For EOPs, the mean standard deviation values and the mean
internal noises are translated into standard deviation values. The reference
system effects for the two rotations are translated into standard deviation
values.

"The reference system effect is derived from the variance matrix of
EOPs.

“The reference system effect is derived from the variance matrix of
station positions.

constraints. Nevertheless, the biases obtained for DORIS
and SLR (at the level of a few millimeters) also show the
limits of such constraints.

5.2. Minimum Constraints and EOPs

[59] As shown in Table 15, reference system effect affects
not only station positions materializing the considered TRF
but also EOPs computed with respect to the three axes of
this TRF. As an example, Table 17 shows the reference
system effect on the two rotations Ry and Ry computed
through the variance matrices of EOPs and station positions
for the first weekly SLR EOP and station position solution
computed with weak constraints of 1 m.

[0] Table 17 shows the great agreement between the
reference system effects derived from the variance matrices
of EOPs and station positions, respectively. This can also be
seen in Table 15. So, the reference system effect affects
EOPs at the same level as it does station positions. Mini-
mum constraints fully eliminate the reference system effect
on station positions. These constraints should also eliminate
the reference system effect on EOPs.

[61] Taking again the weekly SLR normal system of
Table 17, we add minimum constraints (see section 5.1
for details) and invert the normal system obtained to derive
EOPs and station positions. If the reference system effect
clearly disappears for station positions, it is not the case for
EOPs. Indeed, the mean standard deviation values are 0.88
mas for x,, and 0.30 mas for y,,. Minimum constraints do not
fully eliminate the reference system effect for EOPs.

[62] Further investigations on this normal system show
that a few stations bring a small number of measurements
during this particular week. By eliminating these stations
during SLR orbit computations (section 2.4), minimum
constraints are now sufficient to significantly reduce the
reference system on EOPs. The network used to derive
EOPs has a great importance and much attention must be
paid to it. Moreover, the geometric distribution of measure-
ments also plays an important role in this problem.

[63] As noticed in section 5.1, Table 15 lists the mean
reference system effects over the year 2002 for our indi-
vidual daily EOP solutions computed together with station
positions under minimum constraints in agreement with
Figure 5.

“The effects are translated into standard deviation values of the seven
parameters. Unit is cm.

[64] Minimum constraints being applied, the TRF under-
lying the estimation of EOPs should be correctly defined.
This is not always the case as shown in Table 15. The values
in this table can thus be interpreted as sensitivities of
techniques to EOPs. Indeed, a significant reference system
effect in the variance matrices of EOPs, although the TRF is
well defined, proves the difficulty, through our analysis, for
the considered technique, to define the reference underlying
the EOP estimations it provides.

[65] Furthermore, the effects in Table 15 can be under-
stood as criteria of the quality of the station network used.
Indeed, the values are very small for GPS, the technique
which is very sensitive to polar motion and for which we
have a well distributed network, even if it is a reduced one.
The results obtained for DORIS are very interesting.
Although this technique has the best network, it produces
the strongest reference system effects. These effects are in
fact due to the weak sensitivity of DORIS to pole coor-
dinates. The results for SLR and VLBI also make sense.
SLR is known to be less sensitive to Earth rotation than
VLBI, but its ground network is better distributed than the
VLBI one (see maps in Figure 3 and Figure 4). Finally, we
can notice the relatively small effect (2 mm) on the third
rotation R, for VLBI. This value shows the great sensitivity
of this technique to UTI, a sensitivity which is stronger
than those to polar motion. Sensitivities of techniques with
respect to EOPs given through these reference system
effects can also be directly linked to the celestial objects
observed by these techniques. Indeed, the distribution of the
orbital planes of the satellites is of great importance for
DORIS, GPS, and SLR, as is the geometric distribution of
the extragalactic quasars for VLBI.

5.3. Combined TRFs

[66] By mixing the weekly individual normal systems
(see Figure 5), we obtain the weekly combined normal
systems related to both EOPs and station positions.

Table 19. Mean Reference System Effects Computed Per
Technique Inside the Combination Through the Variance Matrices
of Station Positions of the Weekly Combined EOP and Station
Position Solutions Estimated With Weak Constraints of 1 m?*

Technique Tx Ty T, D Ry Ry R,
DORIS 0.09 0.09 0.38 0.09 803 741 1740
GPS 0.07 0.07 0.39 0.02 801 740 1559
SLR 0.04 0.04 0.11 0.03 801 739 23.04
VLBI 41.31 4129 4098 0.19 7.72 821 15.41

“The effects are translated into standard deviation values of the seven
parameters. Unit is cm.
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Table 20. Mean Values of the Seven Transformation Parameters
Estimated Per Technique Between the Combined Weekly TRF
Solutions Computed With Minimum Constraints and ITRF2000,
cm

Parameter Tx Ty Tz D Ry Ry Ry
DORIS —-0.69 —2.00 —-0.26 3.69 —0.13  0.04 —0.15
GPS —0.22 0.03 —0.16 1.17 0.01 0.05 —0.01
SLR —0.14 0.27 0.92 0.14 0.00 023 —-0.14
VLBI 0.00 —0.10 0.13 —0.40 0.00 0.00 0.01

[67] These weekly combined normal systems are not
invertible. Indeed, Table 18 (which lists the mean reference
system effects for the weekly combined EOP and station
position solutions computed with weak constraints of 1 m)
shows that the three rotations exhibit a significant effect.

[68] To eliminate the reference system effect of Table 18,
we add minimum constraints for the three rotations with
respect to ITRF2000. Doing so gives realistic standard
deviation values for the positions of GPS sites, but the
standard deviation values for the station positions related to
the three other techniques are still very large.

[69] Table 19 shows the mean reference system effects
per technique inside the weekly combined EOP and station
position solutions estimated with weak constraints. These
effects show that the individual techniques exhibit the same
reference system effects in the combination as they do alone
(Table 15). In order to solve this problem, we decided to not
combine the weekly individual normal systems but the
weekly normal systems regularized by minimum constraints
per technique (see Figure 5). Minimum constraints are
applied with respect to ITRF2000 and are related to the
parameters for which the effects are significant (the bold
values in Table 19). We keep the subnetworks used for the
individual computations (Table 14) to apply these minimum
constraints. This provides weekly combined TRFs for
which the standard deviation values on station positions
and EOPs are satisfactory.

[70] However, as shown in Table 20, the individual
techniques still realize their own TRFs inside the combina-
tion. The combined TRFs are not homogeneous although
EOPs, as common parameters for all techniques, probably
homogenize the individual rotation parameters. Indeed, the
reference system effects for the two rotations Ry and Ry in
Table 19 are homogeneous in comparison to those shown in
Table 15. This heterogeneity completely prevented us from
using local ties and, as a consequence, colocated station
positions to link techniques.

5.4. Prospects

[71] A solution to the previous problem can consist in
constraining the individual weekly TRFs to be realized in
ITRF2000. However, doing so clearly transgresses physics
of measurements and gives rise to inaccuracies in the
computations. Another solution is based on alternative
computation models. Indeed, parameters worthy of interest
will be no more EOPs and station positions, but EOPs and
station positions in a combined homogeneous TRF together
with the seven individual transformation parameters
between the TRFs underlying measurements of techniques
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and this combined TRF. Such an approach is used for the
ITRF computation [Altamimi et al., 2002a] albeit at the
level of individual solutions.

[72] In our case, such a model will be directly derived at
the observational level. Furthermore, this approach should
reduce the heterogeneities between the references for EOPs
and station positions highlighted in sections 5.1 and 5.2.
Indeed, the main problem regarding EOPs and the rotation
parameters derived from station positions consists in finding
the station network for which the measurements are really
used to compute EOPs. However, for any given station, all
the measurements do not necessarily have the same quality.
Estimating transformation parameters at the level of mea-
surements should make possible, through an optimal data
weighting, to derive exactly EOPs linked to the combined
TRF.

6. Conclusions

[73] This experiment of space-geodetic technique combi-
nation at the normal system level is the first computation of
such importance carried out by the French GRGS in the
field of terrestrial reference systems. Moreover, it is clearly
a first step towards a direct combination at the measurement
level. Although we were unable to consider nutation offsets
as parameters, our combination shows clearly its strength
for the EOP determination. Indeed, the standard deviation
values of the combined solutions are better or at the level of
those obtained for our individual solutions. Also, the
comparisons of these individual solutions with the interna-
tional analysis center solutions show that our DORIS and
SLR solutions are at the level of international solutions. On
the other hand, they also show that our GPS and VLBI
solutions are at the level of international solutions for which
standard deviation values of differences with respect to
EOPCO04 or official combined time series are the largest
ones. However, in this paper the quality of individual
computations was not crucial as the concept of all-combined
solutions was clearly the important point. Nevertheless, we
plan, in the very near future, to upgrade GINS software to
carry out better GPS and VLBI data processings. On the
other hand, it must be noticed that GINS is probably the
only software in the worldwide geodetic community which
permits to carry out computations with all the geodetic
techniques used to derive official IERS EOPs and TRFs.
Moreover, in the near future, comparisons with international
analysis center solutions should be carried out not only on
the basis of EOPs but also of station positions.

[74] When our individual GPS and VLBI computations
will reproduce the state-of-the-art data processings, we
should be able to carry out physical interpretations of
EOP offset time series, over a longer period of time
(typically over several years). In this framework, amplitudes
of periodic variations due to oceanic and zonal tides could
be directly determined through measurements. Such
approaches have already been used [Watkins and Eanes,
1994; Hefty et al., 2000]. We should also compare our
combined EOP series with geophysical excitations such as
Oceanic and Atmospheric Angular Momenta as it is done
by Kouba [2005]. In this context of EOP computation,
nutation offsets must be parameters worthy of interest in the
future developments linked to this experiment. Indeed, as is
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the case for UT1 in the present paper, partial derivatives of
satellite techniques (even if they are low) could be mixed
with those of VLBI. All these computations linked to EOPs
will be the core of a next investigation.

[75] Concerning the realization of combined TRFs,
improvements should be made in the model used in order
to take into account (and to eliminate) the remaining biases
between individual techniques in the combined normal
systems. Such a model should link techniques in a real
combined homogeneous TRF. So, we could use (and vali-
date) local ties in IERS colocation geodetic sites and weight
techniques not only through EOPs but also through station
positions. Furthermore, it seems unreasonable to use local
ties on a weekly basis. Indeed, using local ties in the context
of weekly combinations is a completely different approach
than the one consisting in applying these local ties between
mean station positions computed over nearly 15 years, due to
physical signals which may be revealed by the weekly
station position time series. Thus we have to find an
improved combination model to ensure, on the one hand,
that, each week, all technique station positions are computed
in the same global reference frame and, on the other hand,
that local ties are used in an optimal way. Elaboration and
testing of such models will be described in a future paper.

[76] Finally, research on such combinations at the obser-
vational level should be continued. Indeed, the quality
presently reached by space-geodetic measurements and the
next role of the European GALILEO positioning and nav-
igation system should encourage us to reduce intermediate
steps between measurements and reference products such as
ITRF and EOPs. This in order to still improve the quality of
these fundamental references. Moreover, taking into account
new links such as multitechnique satellites, atmospheric
delays (we plan to upgrade GINS to derive common zenithal
delays based on homogeneous mapping functions for the
techniques involved) in colocation sites, and geocenter
motion should also improve such combinations. This is of
particular importance because main geodetic reference prod-
ucts such as ICRF, ITRF, EOPs, and Earth gravity field
should be derived from these combinations.
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