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Abstract In this article, the realization of a global terrestrial reference system (TRS) based on a consistent combination of Global Navigation Satellite System (GNSS) and
Satellite Laser Ranging (SLR) is studied. Our input data
consists of normal equation systems from 17 years (1994–
2010) of homogeneously reprocessed GPS, GLONASS and
SLR data. This effort used common state of the art reduction
models and the same processing software (Bernese GNSS
Software) to ensure the highest consistency when combining GNSS and SLR. Residual surface load deformations are
modeled with a spherical harmonic approach. The estimated
degree-1 surface load coefficients have a strong annual signal for which the GNSS- and SLR-only solutions show very
similar results. A combination including these coefficients
reduces systematic uncertainties in comparison to the singletechnique solution. In particular, uncertainties due to solar
radiation pressure modeling in the coefficient time series can
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be reduced up to 50 % in the GNSS+SLR solution compared to the GNSS-only solution. In contrast to the ITRF2008
realization, no local ties are used to combine the different geodetic techniques. We combine the pole coordinates as global
ties and apply minimum constraints to define the geodetic
datum. We show that a common origin, scale and orientation can be reliably realized from our combination strategy
in comparison to the ITRF2008.
Keywords Terrestrial reference frame · Inter-technique
combination · Local ties · GNSS · SLR

1 Introduction
A global terrestrial reference system (TRS) is the metrological basis for the description of processes within the Earth’s
system, e. g., sea level rise (Collilieux and Wöppelmann
2011; Stocker et al. 2013). The realization of a global TRS is
called a global terrestrial reference frame (TRF) (Kovalevsky
et al. 1989). A TRF with the highest accuracy, consistency
and stability is also needed for a rigorous description of
geometry, gravity and rotation of the Earth in the framework
of the Global Geodetic Observing System (GGOS) (Rummel
et al. 2009; Plag and Pearlman 2009). The latest International
Terrestrial Reference Frame is the ITRF2008 (Altamimi et al.
2011). For this solution, the geodetic techniques Global
Navigation Satellite System (GNSS), Satellite Laser Ranging (SLR), Very Long Baseline Interferometry (VLBI) and
Doppler Orbitography and Radiopositioning Integrated by
Satellite (DORIS) were combined to estimate station positions and velocities. Since the ITRF2005 (Altamimi et al.
2007) also Earth orientation parameters (EOP) have been
combined. Starting with the ITRF91 (Boucher et al. 1992)
all TRFs are based on a linear motion model consisting of site
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positions at a reference epoch and site velocities of a network
of globally distributed stations on the Earth’s surface.
There are several strategies to combine the different
geodetic techniques, e.g., Rothacher (2003). First, the combination can be done at the stations equipped with different techniques (co-located sites) and where the 3D vector
between the instruments (local ties) is known. In this way
all ITRFs were determined (Altamimi et al. 2007, 2011).
Second, satellites which can be observed by the different
techniques can be used for the combination if the eccentricities at the satellite are known (space ties) (Thaller et al.
2011). And third, the combination can be done for parameters which all the geodetic techniques can observe and
which should be the same for all the techniques, e.g., the
pole coordinates (global ties) (Seitz et al. 2012). Furthermore, there are different levels on which the combination
can be performed. The combination on the observation level
(Coulot et al. 2007; Hobiger and Otsubo 2014) can provide
a TRF with the highest consistency. However, the combination at the normal equation level (Seitz 2009; Seitz et al.
2012) is equivalent if the different geodetic techniques are
uncorrelated and the same reduction models and the same
parametrization are used. The combination at the parameter
level (e.g., ITRF2008) requires the full variance-covariance
information of the parameters to correctly consider the correlations between them.
In the framework of the ITRF2008 determination, the
parameters (station positions and velocities, EOP) of the
single-technique solutions have been combined within a
14-parameter-transformation (Altamimi et al. 2011). The
transformation parameters (resp. datum parameters) were
constrained w.r.t. the single-technique solutions to define the
geodetic datum of the TRF according to the IERS conventions (Petit and Luzum 2010). In this way, the origin of the
ITRF2008 is realized only from SLR, the scale from VLBI
and SLR observations. The reason for that is a different sensitivity of the geodetic techniques with regard to the datum
parameters (Sillard and Boucher 2001). For example, the origin of a TRS defined in the center of mass of the Earth’s
system is not accessible to VLBI. However, Rülke et al.
(2008) showed that a TRS and especially the origin can also
be realized from GPS observations alone if a long time span
of observations is used. Within the ITRF2008 determination, the scale is realized from VLBI and SLR. However,
in principle every space geodetic technique which is based
on the propagation of electromagnetic waves can realize the
scale via the speed of light. For GNSS, the realized scale
strongly depends on the applied antenna phase center model.
Moreover, currently available satellite antenna phase center
models are intrinsically linked to the underlying terrestrial
reference frame (Schmid et al. 2007) because of missing
external calibration data. A comparison of network scale
parameters derived from a common GNSS and SLR analysis
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provides the possibility to evaluate the level of consistency
among the different techniques. The orientation of the TRF
cannot be realized by the geodetic techniques without additional constraints. Firstly, the single-technique solutions have
to be orientated to each other (relative orientation of the TRF)
and then secondly w.r.t. an a priori solution (absolute orientation of the TRF). Within the ITRF2008, local ties (LT) at
co-located sites were used to combine the station positions of
the single-technique solutions. The temporal change of the
orientation can be realized by setting the station velocities
at co-located sites to be equal. This makes the realization of
the “relative” orientation of the single-technique networks
possible. But the LT are known as a crucial point in the TRS
realization. One aspect is the inhomogeneous data base of
the LT (Seitz et al. 2012) which contains reports on the local
measurements only for half of the LT. Another possibility
is to combine the single-technique solutions with parameters which can be estimated by all geodetic techniques. The
Earth orientation parameters, also known as global ties (GT),
allow a combination of the techniques and a realization of
the relative orientation of the single-technique networks. The
“absolute” orientation of the combined network either combined by LT or by GT can then be realized by no-net rotation
(NNR) conditions regarding the a priori station positions and
velocities. If the number of applied conditions is equal to the
number of necessary conditions to derive a solution, minimum constraints were imposed. In the context of this paper,
minimum constraints refer to the minimum number of conditions required for the realization of the datum of a TRF. A
TRF with minimum constraints has theoretically no geometrical distortions (Kotsakis 2012).
In this study, the combination of SLR and GNSS was
performed on the level of normal equation systems. Regarding the datum definition the origin and the scale of the TRF
were realized from the observations of SLR and GNSS without introducing additional constraints. The orientation of the
single-technique solutions w.r.t each other to define a TRF
is realized by using GT (the pole coordinates in this study)
instead of LT. The absolute orientation of the TRF is then
realized by using NNR conditions.
Geophysical effects, such as mass variations in the
atmosphere (van Dam and Wahr 1987; Petrov and Boy 2004),
in the ocean (Scherneck et al. 2000) and in the continental hydrology (van Dam et al. 2001), deform the Earth’s
surface (Farrell 1972) and consequently affect the station
positions of the TRF in the range of a few centimeters. Therefore, these effects should be modeled within the estimation
process. However, the S1 and S2 tides as the tidal part of
the atmospheric loading deformation are the only loading
component considered for the GPS-only solution contributing to the ITRF2008. In addition, no model of the non-tidal
part of the atmospheric and oceanic loading deformation was
applied to any of the four techniques. It should be mentioned
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that a model of non-tidal atmospheric pressure loading is
applied to the operational VLBI-only solutions. However,
no atmospheric pressure loading corrections were used for
the solutions contributing to the ITRF2008. In this study,
loading deformations were considered consistently and the
atmospheric and oceanic loading deformation corrections
were applied at the observation level regarding common
state of the art reduction models for GNSS and SLR. Moreover, residual deformations, e.g., due to hydrological loading,
were described with the spherical harmonic approach of Blewitt (2003) and the degree-1- surface load coefficients were
estimated. Using GPS observations, (Blewitt 2001; Lavallée
et al. 2006; Wu et al. 2006; Fritsche et al. 2010; Rietbroek
et al. 2012) showed an annual signal of the estimated degree-1
coefficients of the residual deformations. There are no studies of estimating these coefficients from SLR observations
using the approach of Blewitt (2003) and of combining the
coefficients of the single-technique solutions.

handling/com_lageos.txt of the ILRS and the a priori range biases and data corrections according to the ILRS
data handling file http://ilrs.dgfi.badw.de/
fileadmin/data_handling/ILRS_Data_Handli
ng_File.snx.
In Fig. 1 the global distribution of the GNSS and SLR stations is illustrated. Besides the much larger number of GNSS
stations (334) compared to the number of SLR stations (73),
the global distribution of the GNSS stations is much more
homogeneous than for SLR. SLR stations are mainly concentrated in Europe and Asia, only fewer than 10 SLR stations
are located in the southern hemisphere. The number of colocated GNSS-SLR sites is 39. Furthermore, the number of
stations is not constant over the whole time span; for GNSS
it increases from 50 in 1994 to over 200 stations since 2000.
For SLR fewer than 50 stations observed LAGEOS per week
over the time span of 17 years.
2.2 Preliminary analysis

2 Single-technique solution
A single-technique solution of GNSS and SLR was generated
to ensure the reliability of the inter-technique combination.
This includes a preliminary analysis of the given data. The
same software (Bernese GNSS Software, Dach et al. 2007)
and the same reduction models were applied to evaluate and
combine the different space techniques. This ensures highest
consistency of the combined solution providing a TRF.
2.1 Input data
The input data are constraint-free normal equation systems
(NEQ) over a time span of 17 years (1994–2010); for GNSS
on a daily and for SLR on a weekly basis. Since January
1, 2002 the GNSS NEQs include in addition to GPS also
GLONASS observations. The SLR NEQs are built on the
basis of observations to the passive satellites LAGEOS-1 and
LAGEOS-2. All NEQs were produced from a homogeneous
reprocessing of GPS, GLONASS and SLR observations
(Fritsche et al. 2014) using common state of the art reduction models over the whole time span. An overview of the
processing strategy of the GNSS-only and the SLR-only
solutions is tabulated in Tab. 1 in Fritsche et al. (2014).
The GNSS reprocessing is based on an earlier reprocessing effort (Steigenberger et al. 2006; Rülke et al. 2008).
The SLR processing to LAGEOS-1 and LAGEOS-2 is based
on a processing strategy using reduction models for optical
measurements according to the ILRS (International Laser
Ranging Service, Pearlman et al. 2002) Analysis Working
Group standards. The station-specific center-of-mass corrections were applied according to the recommendations
http://ilrs.dgfi.badw.de/fileadmin/data_

A preliminary analysis was carried out concerning the station
position time series. The analysis includes the elimination of
outliers, the detection of station events and the definition of
core stations for the geodetic datum of the network to ensure
reliable single-technique and combined solutions.
Outliers The elimination of outliers was done using the
program FODITS (Find Outliers and Discontinuities In Time
Series, Ostini et al. 2009; Ostini 2012) of the Bernese
GNSS Software. FODITS fits a functional model of station
positions, station velocities, discontinuities, outliers and periodic functions to the station positions. FODITS determines
iteratively the significance of the estimated parameters by
using a statistical test. Here, a significance level of 0.01
with a multiplication factor of 5 just for outliers was used
to detect outliers, station events and discontinuities in the
time series. Detected outliers were pre-eliminated and thus
did not contaminate the station position and velocity solution.
Station events Station events can lead to discontinuities
(jumps) in the station position time series. They may result
either from changes in the receiver instrumentation or from
earthquakes. As an example this is shown in Fig. 2 for the
stations San Juan, Argentina (7406 41508S003, left) and
Simosato, Japan (7838 21726S001, right). The jumps in the
position time series can range from several centimeters (e.g.,
about 3 cm in the east component at station San Juan 7406
41508S003, cf. Fig. 2, left, due to an earthquake) up to a few
meters (e.g., at the station Concepción, Chile). In the case
of the station Simosato (7838 21726S001, cf. Fig. 2, right)
the jumps in the time series result from laser changes and a
telescope change since no range biases were set up at this
station. In this solution range biases were set up at only 8
of the 73 SLR stations following the recommendation of the

123

S. Glaser et al.

GNSS
SLR

Fig. 1 Global distribution of GNSS (red dots) and SLR (blue diamond) stations. Core stations to define the geodetic datum of the network have a
filled symbol
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Fig. 2 Position time series in the north, east and up component of
SLR station San Juan, Argentina (7406 41508S003, left) with an event
(red line) on March 3, 2010 due to the Chile Earthquake (February 27,

2010, Mw 8.8) and station Simosato, Japan (7838 21726S001, right)
with an event on January 4, 2008 due to a laser change and an event on
November 26, 2009 due to a laser and telescope change

ILRS Analysis Working Group. This was done to ensure a
more stable solution because of the high correlation of the
range biases and the station height component. Introducing
events within the estimation process allows to determine a
new position after every event. For events caused by earthquakes also a new velocity was estimated because the station
movement may have changed.
The program FODITS was used to identify significant station events. The a priori information is based on
logfiles (http://ilrs.gsfc.nasa.gov/network/

stations/active/index.html) of every station and
an earthquake data base of the United States Geological Survey (http://earthquake.usgs.gov/earth
quakes). Only events producing jumps in the position
time series were considered in the estimation of station
positions and velocities. Station positions which show a postseismic behavior (cf. up component after event at station 7406
41508S003 in Fig. 2) were pre-eliminated and do not contribute to the solution of the linear model of station positions
and velocities.
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In comparison to the station events which were introduced
within the determination of the ITRF2008, we introduced
in the case of SLR-only 56 % and of GNSS-only 15 % of
the events for nearly the same total number of stations used
within the ITRF2008. As already mentioned, we only introduced events when a jump occurs in the station position time
series. This improves the long-term stability of the solution
since the number of the estimated parameters is not unnecessarily increased. Furthermore, we did not identify in all cases
the same events.
Core stations Not all stations of the global network were
used for the definition of the geodetic datum of the GNSS and
SLR network. The core stations in this solution were selected
by the length (> 3 years) and accuracy (station repeatability
GNSS: < 3 mm, SLR: < 1 cm) of the position time series
and the occurrence of events per station. A good global distribution was also a criterion. In total 254 of 334 GNSS and
29 of 73 SLR stations became core stations of the networks
(marked with a filled symbol in Fig. 1). However, the selection of core sites follows a time dependence concept, e.g.,
if a core station was affected by an earthquake (e.g., station
Concepción), this station was excluded as a core station after
the event.
2.3 Results
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Station positions, station velocities, pole coordinates of the
ERPs and surface load coefficients were estimated in both the
single-technique GNSS and SLR solutions as well as in the
combined solution. The orbital elements were pre-eliminated
without any constraints within the GNSS-only, the SLR-only

and the combined solution. Besides the pole coordinates
no other Earth rotation parameters (ERP) were estimated
or combined. It is not possible to estimate UT1-UTC from
the observations provided by the satellite techniques alone
because of the correlation of this parameter with the right
ascension of the ascending node of the orbit. Possible uncertainties in the orbit solution (e.g., due to unmodeled forces
on the GNSS and SLR satellites) cannot be separated from
UT1-UTC (Gross et al. 1998; Thaller et al. 2007). Therefore,
in this study the universal time UT1-UTC was constrained
to its a priori value at each interval boundary of 1-day.
This was done identically for the GNSS-only, the SLR-only
and the combined solution in order to ensure a consistent
processing. The first derivative of UT1-UTC (LOD) can in
principle be estimated with GNSS and SLR observations and
are suitable for combination. However, in this study we also
constrained and pre-eliminated LOD (implicitly in case of
a piece-wise linear parametrization). Since the focus of this
paper is a consistent combination of GNSS and SLR, the
pole coordinates of the ERPs were estimated freely and combined.
The surface load coefficients (cf. Eq. 7 in Blewitt 2003)
at 28-day intervals are shown in Fig. 3 for the GNSS-only
(black), the SLR-only (blue) and the combined (red) solution
compared to Rietbroek et al. (2012) (green). The degree1 surface load coefficients are associated to a difference of
the center of the Earth’s surface figure (CF) with respect
to the center of mass (CM), cf. Eq. 14 in Blewitt (2003).
The time series of the differences of CF w.r.t. CM are characterized by an annual signal, which is strongest in the Z
component. These coefficients contain residual deformations

-60
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GRACE+GPS+OBP (Rietbroek et al. 2012)

SLR
GNSS+SLR
C , σ C , σ S ) (left) and
Fig. 3 Surface load coefficients of degree 1 (σ10
11 11
differences [rCF ]CM of CF with respect to CM (right) at 28-day intervals of GNSS-only (black), SLR-only (blue) and a combination of

GNSS and SLR (red) in comparison with the solution derived from
GRACE (Gravity Recovery and Climate Experiment), OBP (Ocean
Bottom Pressure) and GPS (Rietbroek et al. 2012), green
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because the hydrological loading effect was not subtracted
prior to the parameter estimation. Snow accumulation in the
winter on the northern hemisphere results in a compression
of the northern and an expansion of the southern hemisphere
(Blewitt 2001). The differences of CF with respect to CM
are in the order of 1 cm. The GNSS-only and the SLR-only
solutions show a very similar pattern. The GNSS-only and
SLR-only solutions agree reasonably well with the solution of Rietbroek et al. (2012). However, the latter degree-1
coefficients are derived based on a combination of GRACE
(Gravity Recovery and Climate Experiment, Tapley et al.
2004), Ocean Bottom Pressure and GPS-only data from an
earlier reprocessing effort. The degree-1 coefficients derived
from a combination of GNSS and SLR (red line in Fig. 3) are
closer to the SLR-only (in blue) compared to the GNSS-only
(in black) solution. Furthermore, the amplitudes and phases
of the estimated annual signal for the differences of CF w.r.t.
CM are in good agreement with previous studies and to a
hydrological model of Döll et al. (2003), especially in the
X and Y component, cf. Table 1. The largest difference of
3 mm in the amplitude appears in the Z component between
the combined solution and the hydrological model of Döll
et al. (2003). These amplitudes in comparison to those of the
GNSS-only, the SLR-only and the combined solution indicate that the residual deformations estimated from the time
series contain apparently more signal besides hydrological
loading. In addition, the time span and the maximum expansion degree are different from this study, see Table 1. The
different maximum expansion degree can also be a reason
why the amplitudes of the differences from a solution of
Fritsche et al. (2010) are smaller than for the GNSS-only
solution in this study.
The single-technique solutions of the pole coordinates
should not show systematic effects, otherwise the combined
solution for which no independent reliability assessment is
available will be degraded. To check this, the differences of
the pole coordinates between the GNSS-only and the SLRonly solutions as well as their differences w.r.t. a reference
solution are given in Fig. 4. An external reference solution
was chosen for the comparison in order to be more robust
concerning any systematic effects. The reference solution
was obtained from the “IERS 08 C04” (Bizouard and Gambis
2011) EOP solution which is consistent with the ITRF2008.
The ITRF2008 was used for the a priori station positions and
velocities of this solution. The differences in the pole coordinates correspond to a residual rotation of the GNSS and
SLR networks, if the pole coordinates of both techniques are
assumed to be the same. These differences are in the range of
a few milli-arcseconds and the differences of the GNSS-only
w.r.t the IERS C04 solution are less noisy than the differences
of the SLR-only w.r.t the IERS C04 solution (see upper plot
in Fig. 4). It should be mentioned that in the corresponding
time span GPS was the main contributor to the IERS 08 C04
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solution. It is also worth noting that daily pole coordinates of
our solution were simultaneously estimated along with the
linear position model of the TRF (positions and velocities).
On the contrary, operational ERP solutions which also serve
as input for the IERS C04 series refer to e.g., weekly coordinate solutions. The differences of the GNSS solution and the
differences between the GNSS-only and SLR-only solution
are largest in the years 1994–1996 due to the fewer number
of stations contributed to the solution in this time span (cf.
Sect. 2.1). The estimated offsets and trends (covering the time
span 1997–2010) of −0.03 mas for x P , −0.01 mas for y P
in the GNSS-only; 0.15 mas for x P , 0.05 mas for y P in the
SLR-only solution w.r.t. the epoch 01.01.2000 and estimated
trends of 0.00 mas/a for x P , y P of the GNSS and SLR
solution show that the possible systematic effects concerning
a rotation around the X and Y axis of the GNSS and the SLR
station network between the single-technique solutions and
the reference solution of the pole coordinates are reasonably
small. This is an important prerequisite for the combination
of these parameters.

3 Inter-technique combination
3.1 Strategy
The combination of GNSS and SLR was performed at the
normal equation (NEQ) level. Combination at the observation level ensures the highest consistency. Nevertheless, in
case of uncorrelated geodetic observation techniques, a combination at the NEQ level is equivalent to the combination
at the observation level if consistent models and parameterization are used to derive both sets of NEQs. It should also
be mentioned that the equivalence of a combination at observation and NEQ level is only true if identical observation
screening can be assured between the different approaches. A
combination at the parameter level has deficiencies in case of
incomplete variance and covariance information. The combination of the single-technique normal equations NGNSS of
GNSS and NSLR of SLR with the right-hand sides nGNSS and
nSLR and the parameter vector x̂ reads as follows
(NGNSS + NSLR ) · x̂ = nGNSS + nSLR .

(1)

Briefly, this leads to
N · x̂ = n,

(2)

with N = NGNSS +NSLR and n = nGNSS +nSLR (Brockmann
1997). An important precondition for a consistent combination (of the pole coordinates and the degree-1-coefficients in
this study) is an identical parameterization. This means that
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Table 1 Amplitudes A (mm) and phases φ (days) with standard deviations σ A (mm) and σφ (days) after estimation of a harmonic oscillation x(t) = A cos (ω(t − t0 − φ)) with ω = 2π/T ,
T = 365.25 days and t0 = 01.01.YYYY to the time series of the differences [rCF ]CM of CF with respect to CM at 28-day intervals in the X , Y and Z components and a maximum degree of the
spherical harmonic expansion n max
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08 C04” (Bizouard and Gambis 2011) pole coordinates of the GNSSonly (red) and the SLR-only (blue) solution (upper plot) and between

the GNSS-only and the SLR-only solution (bottom plot) with mean,
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the parameter vector has to fulfill: x̂GNSS = x̂SLR = x̂. For
parameters which will not be combined (e.g., positions), the
corresponding rows and columns of the NEQs were filled
with zero. Both the GNSS and the SLR NEQs are parameterized with station positions and velocities, pole coordinates
and degree-1 surface load coefficients, cf. Table 2. Positions
and velocities are estimated for every station over the time
span of 17 years, except for the periods after considerable station discontinuities (cf. Sect. 2.2). According to the current
linear motion model of the TRF, a long-term solution of positions at a reference epoch and velocities of the station network
was estimated. Station residuals between the daily (GNSS)
and weekly (SLR) solution and the linear motion model were
estimated as well. The pole coordinates (at 1-day interval)
and the degree-1 surface load coefficients (at 28-day interval) are parameterized as piece-wise linear parameters and
are directly combined. In the case of a piece-wise linear parameterization, the pole rates ẋ p , ẏ p are implicitly included.
The station velocities of SLR and GNSS at co-located sites
were determined independently. The east component of the
station velocity differences was constrained with a weight
of 1/10−7 . This was applied to all co-located sites in order
to assure that there is no relative network rotation between
the GNSS and the SLR frame. In addition, if an earthquake
occurs no constraint was applied to the station velocities.

Table 2 Overview of the parameters (station positions X, station velocities Ẋ, pole coordinates x P , y P and degree-1 surface load coefficients
C , σ C , σ S ) and their temporal resolution in the GNSS and SLR norσ10
11 11
mal equation systems in the time span (ts) 1994–2010
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GNSS

SLR

X

1d

7d

Ẋ

1 ts

1 ts

x P , yP

1d

1d

C , σC , σ S
σ10
11 11

28 d

28 d

3.2 Weighting
The GNSS and SLR NEQs were scaled by multiplying with
additional weighting factors wGNSS and wSLR
N = wGNSS · NGNSS + wSLR · NSLR

(3)

with the right-hand side
n = wGNSS · nGNSS + wSLR · nSLR .

(4)

Different approaches exist to derive the weighting factors. The background of all of them is that GNSS and SLR
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have a different precision level and that the formal precision
expressed with the standard deviation s (e.g., of the estimated
horizontal components of the station coordinates) of GNSS
is better than that of SLR. Thus, setting the weight wGNSS of
GNSS to 1, the weighting factor wSLR of SLR results in
2
sGNSS

wSLR =

2
sSLR

N mean
· GNSS
mean .
NSLR

(5)

The mean normal equation element N mean with the number n X of the relevant parameters X (station positions)
(Thaller 2008)
N mean =

trace(N)
nX

(6)

is used to account for the fact that GNSS provides many more
observations (by a factor of about 2000) than SLR in the time
span 1994–2010 with also a higher amount of stations (more
than 4 times more), cf. Fig. 1. Within the determination of the
ITRF2008 variance factors according to the standard deviation of the solutions were used (Altamimi et al. 2002, 2011).
There is no consideration of N mean and the solutions are
assumed to be uncorrelated (white noise-only model). Zhang
et al. (1997), Williams (2003) and Williams et al. (2004)
found that a combined model of white and flicker noise
best describes the statistical characteristics of GPS station
position time series. Therefore, in this study, we used more
realistic uncertainties from a model of white plus flicker noise
instead of a white noise-only model to determine the standard
deviations sGNSS and sSLR of a station position and velocity.
w+ f
The standard deviation sn,e,u of a white plus flicker noise
model in the north, east and up component is derived with
w+ f

sn,e,u =


sw2 + s 2f

(7)

from the standard deviation sw of a white noise-only and
s f of a flicker noise model (Williams 2003). The standard
deviations for the north, east and height component were
averaged to the mean standard deviations sGNSS and sSLR
Table 3 Overview of two
possibilities of the realization of
the orientation of a TRF using
either (a) local ties (e.g.,
ITRF2008) or (b) global ties
(this study)

which were applied to Eq. 5. We end up with a weighting
factor of wSLR = 0.81.
3.3 Datum realization
The geodetic datum of a TRF comprises of 14 parameters, in
particular, the origin (3), the orientation (3) and the network
scale (1) together with their temporal changes, respectively.
When combining different single-technique contributions to
determine a TRF with a common origin and a common scale,
a rank deficiency of 6 remains in the NEQs of each of the
single-technique solutions. The orientation of the TRF as
well as its temporal change have to be realized. There are
different possibilities, tabulated in Table 3: On the one hand,
using local ties (e.g., ITRF2008, case a in Table 3) to realize the relative orientation of the single-technique networks
reduces the rank deficiency from 12 (6 + 6: “rank deficiency of GNSS sub-network” + “rank deficiency of SLR
sub-network”) to 9. The temporal change of the relative
orientation can then be realized by constraining the station
velocities at co-located sites to be equal in all three components reducing the rank deficiency from 9 to 6. On the other
hand, the relative orientation of the different space technique
networks can be realized by combining the pole coordinates
as global ties (this study, case b in Table 3). This means that
the relative rotation around the X and Y axis of the GNSS and
the SLR sub-networks is constrained which reduces the rank
deficiency from 12 to 10. The temporal change of the relative orientation can then be realized by combining the pole
rates and the complementing component (temporal change
of the rotation around the Z axis) of the station velocities at
co-located sites which reduces the rank deficiency from 10
to 7. Therefore, the east component of the station velocities
was loosely constrained at co-located sites which is related
to the temporal change of a rotation around the Z axis, cf. Ṙ Z
in Table 3. There is no condition on the north and up component. UT1-UTC was fixed to the same values for GNSS
and SLR. This also implies that the orientation according
to a rotation around the Z axis (east component of the station velocities) should be the same. The only difference in the

6 + 6 = 12

(a) Local tie

Relative orientation

R X , RY , R Z

6+3=9

R X , RY

With temporal change

Ṙ X , ṘY , Ṙ Z

6+0=6

Ṙ X , ṘY , Ṙ Z
RG
X,
Ṙ G
X,

(b) Global tie

Absolute orientation

R X , RY , R Z

3+0=3

With temporal change

Ṙ X , ṘY , Ṙ Z

0+0=0

RYG ,
ṘYG ,

6 + 4 = 10
RG
Z,
Ṙ G
Z

6+1=7
R ZS

3+0=3
0+0=0

The realization of the orientation of the single-technique solutions with each other (relative orientation of
the TRF) and the absolute orientation of the TRF leads in both cases to a solution with minimum constraint
conditions (0 + 0 = 0). When combining normal equation systems of two different space techniques each
with a rank deficiency of 6 (rotation in X, Y, Z with their temporal changes), there is an initial rank
deficiency of 6 + 6 = 12 (“rank deficiency of GNSS sub-network” (labeled with index G) plus “rank
deficiency of SLR sub-network” (index S) = “rank deficiency of the combined network”)
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shift of the east component in a single-technique solution can
arise from the ascending nodes, which are defined separately
for LAGEOS-1/-2 and all GPS and GLONASS satellites.
The absolute orientation of the TRF in both cases can then
be realized by using NNR conditions w.r.t. a priori station
positions and a priori station velocities of the core stations.
The only difference between case a and b is an additional condition concerning a rotation around the Z axis for the stations
of the second technique (SLR in this study). The reason for
that is that we combined the pole coordinates which allow
only the combination of the rotation around the X and Y
axis. In both cases, the result is a minimum constraint solution (0 + 0 = 0, cf. Table 3). It should be mentioned that to
ensure a minimum constraint solution it is theoretically sufficient to constraint only the average of the east component of
the velocities instead of all stations at co-located sites. However, by constraining the velocities at all co-located sites this
average is included.
In this study, combining the pole coordinates as global ties
and loosely constraining the east component of the velocities
at co-located sites, the datum of the network of the combined
minimum constraint solution is achieved as follows:

realized with NNR w.r.t the IGS08 for the GNSS core stations. There is no condition for the temporal change on the
SLR core stations since the east component of the station
velocities was loosely constrained at co-located sites.
3.4 Results
The parameters derived by the inter-technique combination
are as follows: station positions, station velocities, pole coordinates and surface load coefficients of degree 1 (Table 2).
Stations with short observation periods (covering a time span
of less than 12 weeks) and without a co-located site with more
observations have been pre-eliminated.
We estimated parameters of a Helmert transformation
between all stations of the combined solution and the GNSSonly and SLR-only solutions, respectively. This was done to
evaluate the contribution of the single-technique solutions on
the combined solution, especially on the datum parameters
and their temporal stability, cf. Table 4. All stations (top part
of Table 4) were used for the estimation of the Helmert transformation parameters since all stations describe the network
and a transformation including more stations (resp. more
observations) is more reliable. Additionally, the transformation was performed by using only the core stations (bottom
part of Table 4) of the network to investigate the impact of
non-core stations on the estimated datum parameters and the
conclusions which can be drawn from the results. Furthermore, we iteratively eliminated stations within the Helmert
transformation with residuals larger than 3σ to prevent the
impact of bad (especially SLR) stations. In order to take
the possible occurrence of discontinuities due to, e.g., earth-

– The origin is realized from the GNSS and SLR observations.
– The network scale is realized from the GNSS and SLR
observations.
– The orientation is realized from NNR conditions w.r.t. the
IGS08 (Rebischung et al. 2012) on the X , Y and Z axis for
the GNSS core stations (cf. Sect. 2.2); for the SLR core
stations w.r.t. the SLRF2008 (Pavlis 2009) with NNR
on the Z axis. The temporal change of the orientation is
Table 4 Transformation
parameters of a 14-parameter
Helmert transformation
(translation TX , TY , TZ , rotation
R X , RY , R Z , scale D and their
temporal changes with their
corresponding standard
deviations) at the reference
epoch t0 = 01.01.2005 and the
standard deviation s0 of the
transformation between the
combined solution
(GNSS+SLR) and the
GNSS-only and the SLR-only
solution, respectively by using
all stations (top) and only the
core stations (bottom)

GNSS+SLR

SLR

TX (mm)

ṪX (mm/a)

0.06 ± 0.04

−0.23 ± 0.00

−0.33 ± 0.16

−0.02 ± 0.00

TY (mm)

ṪY (mm/a)

−0.43 ± 0.04

0.50 ± 0.00

−0.04 ± 0.16

−0.02 ± 0.00

TZ (mm)

ṪZ (mm/a)

−0.20 ± 0.04

0.34 ± 0.00

−0.18 ± 0.17

−0.03 ± 0.00

R X (mas)

Ṙ X (mas/a)

0.002 ± 0.001

0.002 ± 0.000

0.003 ± 0.006

RY (mas)

ṘY (mas/a)

−0.001 ± 0.001

0.002 ± 0.000

0.082 ± 0.006

−0.010 ± 0.000

R Z (mas)

Ṙ Z (mas/a)

0.015 ± 0.001

0.001 ± 0.000

−0.040 ± 0.006

−0.006 ± 0.000

D (ppb)

Ḋ (ppb/a)

−0.00 ± 0.00

s0 (mm)
TX (mm)

0.01 ± 0.00

0.50
ṪX (mm/a)

0.14 ± 0.02

0.01 ± 0.02

−0.012 ± 0.000

−0.00 ± 0.00

0.53
−0.23 ± 0.00

0.07 ± 0.10

0.00 ± 0.00

TY (mm)

ṪY (mm/a)

−0.50 ± 0.02

0.49 ± 0.00

0.12 ± 0.10

0.00 ± 0.00

TZ (mm)

ṪZ (mm/a)

−0.21 ± 0.02

0.34 ± 0.00

−0.19 ± 0.10

−0.02 ± 0.00

R X (mas)

Ṙ X (mas/a)

0.018 ± 0.001

0.002 ± 0.000

−0.045 ± 0.004

−0.016 ± 0.000

RY (mas)

ṘY (mas/a)

−0.027 ± 0.001

0.001 ± 0.000

0.076 ± 0.004

−0.010 ± 0.000

R Z (mas)

Ṙ Z (mas/a)

0.010 ± 0.001

0.001 ± 0.000

−0.041 ± 0.004

−0.006 ± 0.000

D (ppb)

Ḋ (ppb/a)

−0.01 ± 0.00

s0 (mm)
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0.35

0.01 ± 0.00

0.01 ± 0.01
0.44

−0.00 ± 0.00
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quakes and equipment changes in the station position time
series into account, 7-parameter Helmert transformations at
7-day interval over the entire time span were performed considering the respective observation intervals of the stations.
From these 7-day solutions the offset and trend of the time
series were estimated. The same approach has already been
used by Rülke et al. (2008). The largest value of the transformation parameters between the combined and the GNSS
solution appears in TY and is −0.43 mm. When the small
temporal rates of the translation parameters for SLR are
compared to the combined solution, it implies that SLR contributes more to the stability of the origin than GNSS although
SLR was down-weighted by a factor of 0.81. However, the
standard deviations of the Helmert transformation parameters, especially for TX , TY and TZ , show that the values in the
case of SLR are not significant in the statistical sense w.r.t.
the combined solution. The rotation parameters are smaller
for GNSS than for SLR because the NNR conditions were
defined on the X , Y and Z axis for GNSS and only on the Z
axis for SLR. The temporal change Ḋ of the scale indicates
a slightly more stable network scale from SLR than from
GNSS in the combined solution by 0.01 ppb/a. All conclusions also hold for the results when only the core stations
were used to estimate the parameters of the Helmert transformations, cf. bottom part in Table 4. Therefore, we decided
to use all stations within the other Helmert transformations,
cf. Table 5.
The Helmert transformation parameters between the
GNSS-only, the SLR-only, the combined solution and the
ITRF2008 are illustrated in Table 5. Here, data of the
Table 5 Transformation
parameters of a 14-parameter
Helmert transformation
(translation TX , TY , TZ , rotation
R X , RY , R Z , scale D and their
temporal changes with their
corresponding standard
deviations) at the reference
epoch t0 = 01.01.2005 and the
standard deviation s0 of the
transformation between the
ITRF2008 (Altamimi et al.
2011) and the GNSS-only,
SLR-only (top table) and the
combined (GNSS+SLR)
solution (bottom table)

ITRF2008
TX (mm)

common time span of 1997–2009 where GPS observations
contributed to the ITRF2008 were included. In the same way
like the other transformations, we used all stations instead of
only the core stations because all stations define the network.
In addition, by using all SLR stations the standard deviations
of the estimates indicate that the parameters of a Helmert
transformation between the ITRF2008 and the SLR-only
solution are not significant in the statistical sense. The translation parameters of the combined solution show an agreement
of the realized origin within 1 cm. The largest value in
the translation parameters is in the Y component between
GNSS-only and ITRF2008. Regarding the single-technique
solutions and the ITRF2008, the translation parameters are
smaller for SLR than for GNSS. The reason could be the different way of realization of the origin. Within the ITRF2008
the origin is realized only from SLR and in our solution
the origin is realized from the SLR and the GNSS observations. Altamimi et al. (2011) estimated an accuracy of the
origin of the ITRF2008 of 1 cm from a comparison with the
ITRF2005. The translation parameters between ITRF2008
and ITRF2005 are largest in TY with −4.7 mm (Altamimi
et al. 2011), but there is no information how accurate the
origin could be assigned from SLR to the other techniques
representing the ITRF2008. As far as the network scale parameter is concerned, within the ITRF2008 determination it is
realized from SLR and VLBI and in this study from SLR
and GNSS. We find a difference of −0.21 ppb when comparing our SLR-only solution to ITRF2008 which corresponds
to −1.3 mm at the Earth’s surface. Considering the fact that
atmospheric pressure loading was not considered for the gen-

GNSS
ṪX (mm/a)

SLR

−4.51 ± 0.23

0.02 ± 0.01

1.00 ±1.88

0.18 ± 0.00

TY (mm)

ṪY (mm/a)

11.05 ± 0.23

−0.01 ± 0.01

0.08 ±1.90

0.16 ± 0.01

TZ (mm)

ṪZ (mm/a)

−1.79 ± 0.22

0.01 ± 0.01

−0.93 ±1.82

−0.21 ± 0.01

R X (mas)

Ṙ X (mas/a)

−0.018 ± 0.008

−0.023 ± 0.077

−0.020 ± 0.001

−0.001 ± 0.000

RY (mas)

ṘY (mas/a)

−0.009 ± 0.009

0.002 ± 0.000

0.094 ± 0.071

−0.005 ± 0.001

R Z (mas)

Ṙ Z (mas/a)

0.005 ± 0.009

0.002 ± 0.000

−0.124 ± 0.069

−0.002 ± 0.001

D (ppb)

Ḋ (ppb/a)

−1.14 ± 0.01

−0.01 ± 0.00

s0 (mm)

3.17

ITRF2008
TX (mm)

0.07 ± 0.00

8.57

GNSS+SLR
ṪX (mm/a)

1.02 ± 0.64

0.99 ± 0.03
−0.78 ± 0.03

TY (mm)

ṪY (mm/a)

8.28 ± 0.63

TZ (mm)

ṪZ (mm/a)

2.79 ± 0.62

R X (mas)

Ṙ X (mas/a)

−0.026 ± 0.024

−0.002 ± 0.001

0.21 ± 0.03

RY (mas)

ṘY (mas/a)

−0.008 ± 0.025

0.000 ± 0.001

R Z (mas)

Ṙ Z (mas/a)

−0.007 ± 0.025

0.003 ± 0.001

D (ppb)

Ḋ (ppb/a)

−1.07 ±1.32

0.00 ± 0.00

s0 (mm)

−0.21 ± 0.28

5.15

123

S. Glaser et al.

eration of ITRF2008, our findings are consistent to that of
Sośnica et al. (2013), who determined a mean station height
bias of +1.1 mm for all SLR stations due to the Blue-Sky
effect. For GNSS, a larger scale discrepancy of −1.14 ppb is
found when comparing to ITRF2008. The associated scale
accuracy of the ITRF2008 is at the level of 1.2 ppb (Altamimi
et al. 2011). Both observation techniques reveal a very stable
realization of the scale rate, where the magnitude of the differences w.r.t. ITRF2008 is below 0.01 ppb/a for GNSS and
below 0.07 ppb/a for SLR. From the transformation parameter results shown in Table 4 we can conclude that the
individual GNSS and SLR station network scales are retained
in the combined solution because scale differences are estimated to be close to zero. Consequently, the comparison
of our combined GNSS+SLR solution w.r.t. ITRF2008 (cf.
Table 5) shows a scale difference comparable to the GNSSonly solution, mainly due to the larger number of GNSS
stations compared to the SLR stations.

The estimated station velocities of the combined solution are in general agreement with the velocities from the
GNSS-only and the SLR-only solution, cf. Fig. 5. As already
mentioned, in this solution only the east component of the station velocities was loosely constrained at co-located sites, cf.
Sect. 3.3. The differences of the estimated velocities between
stations at co-located sites in the north, east and up component are shown in Fig. 6. The differences refer to the
respective observation interval which is longer than 3 years.
The differences in the north, east and up component scatter
around zero and are mostly below 1 cm. This demonstrates
that the loose constraint on the east component of the velocities together with the combination of the (rates of the) pole
coordinates leads to small differences in all components of
the velocity estimates at co-located sites.
The amplitude spectrum of the degree-1 surface load coefC of the single-technique solutions and the combined
ficient σ10
solution is given in Fig. 7. The annual signal which was

GNSS+SLR 3 cm/yr
3 cm/yr
SLR
3 cm/yr
GNSS

-30

-20

-10

0

10

ΔvN [mm/a]

20

30

80
70
60
50
40
30
20
10
0

# station intervals

80
70
60
50
40
30
20
10
0

# station intervals

# station intervals

Fig. 5 Horizontal station velocity field of the GNSS-only (red), the SLR-only (blue) and the combined solution (thick arrow)
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Fig. 6 Histograms of the differences v (mm/a) of the estimated velocities between stations at co-located sites in the north, east and up component
of a combined solution according to the observation intervals
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Fig. 7 Amplitude spectrum of the surface load coefficient σ10
GNSS-only (red) and SLR-only solution (blue) and of the combined
solution (black). Dominant periods of one and a half year (solid gray

line), multiples of the draconitic year for GNSS (∼352.35 days) (dashed
red line) and for LAGEOS-2 of 222 days (dashed blue line) are highlighted

already most significant in Fig. 3 has the largest amplitude.
Further dominant periods are semi-annual and at integer
fractions of the draconitic year (Ray et al. 2008). A signal contribution with a period of the draconitic year (and
integer fractions) is clearly visible in the coefficient time
series of the GNSS-only solution. We used a mean period of
GPS (∼351.5 days) and of GLONASS (∼353.2 days) for the
GNSS draconitic year. The reason for a signal at these periods are deficiencies in the GNSS orbit modeling, especially
due to the solar radiation pressure effect on the satellites
(Rodriguez-Solano et al. 2012, 2014). Meindl et al. (2013)
showed that the effect of the solar radiation pressure modeling on the geocenter coordinates estimated from an SLR-only
solution is much smaller in comparison to a GNSS-only
solution. But it should be emphasized that the geocenter
coordinates are only associated to the translational part of
the degree-1 surface load coefficients. A combination of the
degree-1 coefficients of GNSS and SLR as performed in
this study reduces the signal at these specific periods. At
the period of ∼50 days (1/7 multiple of the GNSS draconitic
year) the amplitude of the coefficient was reduced from about
10 kg/m2 in the GNSS-only to below 5 kg/m2 in the combined
solution. Concerning the translational part of the degree-1
coefficients, it was shown by Thaller et al. (2014) that a
combination of GNSS and SLR using spherical satellites
improves the estimation of the geocenter coordinates at the
period and integer fractions of the draconitic year. We conclude that degree-1 surface load coefficients resulting from a
combined solution are more reliable than a single-technique
solution of GNSS. Furthermore, the combination strengthens
the realization of the origin of the network in the CM system.

technique solutions assures a reliable GNSS-only, SLR-only
and combined solution.
Geophysical effects like the atmospheric and oceanic tidal
and non-tidal loading on station positions are modeled identical for both GNSS and SLR. In addition, we model the
residual deformations within a spherical harmonic approach
as described by Blewitt (2003). The estimated degree-1 surface load coefficients of both the GNSS- and the SLR-only
and the comparison with previous studies show a good agreement. The differences in the amplitudes of an annual signal
at the time series of CF w.r.t. CM which are associated to
the degree-1 coefficients reach 3 mm in the Z component
between the combined solution and a hydrological model of
Döll et al. (2003). The combination of the degree-1 coefficients reduces the signal in the coefficient time series at
periods of the draconitic year caused by uncertainties in the
orbital modeling. In particular, the peak at the 7th harmonic of
the draconitic year in the GNSS-only solution of the degree-1
coefficients which is related to the Z component of the differences of CF w.r.t. CM is reduced by 50 % in the GNSS+SLR
solution. Here, the advantage of a combination of GNSS and
SLR could clearly be demonstrated.
Within the inter-technique combination, we apply more
realistic uncertainties based on a white plus flicker noise
model to take into account the different accuracy level of
the techniques. It should be noted that the estimated variance
factors used for the combination of ITRF2008 are equivalent to a white noise model. However, a restriction to a white
noise model is insufficient for the description of the statistical characteristics of station position time series derived from
space-geodetic techniques.
Furthermore, instead of using LT at co-located sites for the
combination of the single-technique solutions we combined
the pole coordinates of GNSS and SLR. Together with minimum constraint conditions for the definition of the geodetic
datum we show that origin, scale and orientation of the TRF
can be realized from our combination of GNSS and SLR.
Discrepancies in the station network scale between our SLRonly solution and ITRF2008 can be reasonably explained by
the Blue-Sky effect. For GNSS, however, a larger scale dis-

4 Discussion and conclusions
In this study, we combine GNSS and SLR to determine
a global TRF with minimum constraint conditions using
normal equation systems over a time span of 17 years (1994–
2010) produced from a reprocessing effort. A preliminary
analysis of the station position time series from the single-
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crepancy of 1.1 ppb is obtained. This can be explained by the
fact, that several observation models which are applied for the
signal delay description have an impact on the resulting station network scale but also shows the limitation in making
use of the scale information provided by GNSS. In particular, results of this study include the impact due to Earth
radiation pressure which affects the scale of global station
coordinate solutions (Rodriguez-Solano et al. 2012). Also,
currently available satellite antenna phase center corrections
for GPS and GLONASS are intrinsically linked to a predefined reference frame and such depend on that reference
frame including the observation models used to generate the
GNSS input solutions (Fritsche et al. 2014). Discrepancies
in the translation parameter of the Helmert transformation
between our combined solution and the ITRF2008 have
a maximum in the Y component with 8.3 mm. Therefore,
origin and scale of our combined solution compared to
ITRF2008 can be realized within the accuracy level evaluated by Altamimi et al. (2011) (origin: 1 cm, scale 1.2 ppb).
To conclude, it is possible to realize a global TRS based
on our approach of combining GNSS and SLR. The combination can be done using common parameters which all
geodetic techniques can deliver like the pole coordinates.
Our combination strategy that uses global ties instead of local
ties is well-suited to estimate components of the LT. Consequently, it provides a basis for a comparison of the LT used
for the realization of the ITRS. A complementary validation
approach for LT has been conducted by Thaller et al. (2011,
2013) by using space ties instead of LT or GT. The advantage of combining different geodetic techniques can also be
shown for the combined degree-1 surface load coefficients of
the residual deformations. Here, the systematic effect caused
by the solar radiation pressure on the GNSS satellites can be
significantly reduced in a combined solution of the degree-1
surface load coefficients.
Besides GNSS and SLR also DORIS and VLBI are used
for the determination of the ITRF2008. In addition to combining the pole coordinates, it is also possible to combine LOD.
Since VLBI is the only space-geodetic technique that estimates UT1-UTC independently, the significance of combining LOD too is highlighted when VLBI is used as well for the
TRF determination. Therefore, the results of this study could
easily be extended to other parameters and techniques for the
realization of a TRS with highest accuracy and consistency.
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Fritsche M, Sośnica K, Rodríguez-Solano C, Steigenberger P, Wang K,
Dietrich R, Dach R, Hugentobler U, Rothacher M (2014) Homogeneous reprocessing of GPS. GLONASS and SLR observations.
J Geod 88(7):625–642. doi:10.1007/s00190-014-0710-3
Gross RS, Eubanks TM, Steppe JA, Freedman AP, Dickey JO, Runge
TF (1998) A Kalman-filter-based approach to combining independent Earth-orientation series. J Geod 72(4):215–235. doi:10.1007/
s001900050162
Hobiger T, Otsubo T (2014) Combination of GPS and VLBI on the
observation level during CONT11—common parameters, ties and
inter-technique biases. J Geod 88(11):1017–1028. doi:10.1007/
s00190-014-0740-x
Kotsakis C (2012) Reference frame stability and nonlinear distortion
in minimum-constrained network adjustment. J Geod 86(9):755–
774. doi:10.1007/s00190-012-0555-6

A consistent combination of GNSS and SLR with minimum constraints
Kovalevsky J, Mueller I, Kolaczek B (eds) (1989) Reference Frames
in Astronomy and Geophysics. Astrophysics and Space Science
Library. Kluwer Academic Publishers, Dortrecht/Boston/London
Lavallée D, van Dam T, Blewitt G, Clarke P (2006) Geocenter
motions from GPS: a unified observation model. J Geophys Res
111(B05):405. doi:10.1029/2005JB003784
Meindl M, Beutler G, Thaller D, Dach R, Jäggi A (2013) Geocenter
coordinates estimated from GNSS data as viewed by perturbation
theory. Adv Space Res 51(7):1047–1064. doi:10.1016/j.asr.2012.
10.026
Ostini L (2012) Analysis and Quality Assessment of GNSSDerived Parameter Time Series. Ph.D. thesis, Philosophischnaturwissenschaftliche Fakultät der Universität Bern
Ostini L, Dach R, Meindl M, Schaer S, Hugentobler U (2009) FODITS:
a new tool of the Bernese GPS Software. In: EUREF 2008 Proceedings
Pavlis E (2009) SLRF2008: The ILRS Reference Frame for SLR POD
Contributed to ITRF2008. Ocean Surface Topography Science
Team Meeting, Seattle, USA
Pearlman M, Degnan J, Bosworth J (2002) The international laser ranging service. Adv Space Res 30(2):135–143
Petit G, Luzum B (eds) (2010) IERS Conventions (2010), IERS Technical Note, vol 36. Verlag des Bundesamts für Kartographie und
Geodäsie, Frankfurt am Main, Germany
Petrov L, Boy JP (2004) Study of the atmospheric pressure loading
signal in very long baseline interferometry observations. J Geophys
Res 109(B03):405. doi:10.1029/2003JB002500
Plag HP, Pearlman M (eds) (2009) Global Geodetic Observing System:
Meeting the Requirements of a Global Society on a Changing Planet in 2020. Springer, Berlin Heidelberg, doi:10.1007/
978-3-642-02687-4_1
Ray J, Altamimi Z, Collilieux X, van Dam T (2008) Anomalous
harmonics in the spectra of GPS position estimates. GPS Solut
12(1):55–64. doi:10.1007/s10291-007-0067-7
Rebischung P, Griffiths J, Ray J, Schmid R, Collilieux X, Garayt
B (2012) IGS08: the IGS realization of ITRF2008. GPS Solut
16(4):483–494. doi:10.1007/s10291-011-0248-2
Rietbroek R, Fritsche M, Brunnabend SE, Daras I, Kusche J, Schrter J,
Flechtner F, Dietrich R (2012) Global surface mass from a new
combination of GRACE, modelled OBP and reprocessed GPS
data. J Geodyn 59–60:64–71. doi:10.1016/j.jog.2011.02.003 Mass
Transport and Mass Distribution in the System Earth
Rodriguez-Solano C, Hugentobler U, Steigenberger P, Lutz S (2012)
Impact of Earth radiation pressure on GPS position estimates. J
Geod 86(5):309–317. doi:10.1007/s00190-011-0517-4
Rodriguez-Solano C, Hugentobler U, Steigenberger P, Bloßfeld M,
Fritsche M (2014) Reducing the draconitic errors in GNSS geodetic products pp 1–16. doi:10.1007/s00190-014-0704-1
Rothacher M (2003) Towards a Rigorous Combination of Space Geodetic Techniques. In: Richter B, Schwegmann W, Dick WR (eds)
Proceedings of the IERS Workshop on Combination Research
and Global Geophysical Fluids, 18–21 November 2002. Bavarian
Academy of Science, Munich, Germany,IERS Technical Note
Rülke A, Dietrich R, Fritsche M, Rothacher M, Steigenberger P (2008)
Realization of the Terrestrial Reference System by a reprocessed
global GPS network. J Geophys Res 113(B08):403. doi:10.1029/
2007JB005231
Rummel R, Beutler G, Dehant V, Gross R, Ilk K, Plag HP, Poli P,
Rothacher M, Stein S, Thomas R, Woodworth P, Zerbini S, Zlotnicki V (2009) Global Geodetic Observing System, Springer,
Berlin Heidelberg, chap Understanding a dynamic planet: Earth
science requirements for geodesy, pp 89–133. doi:10.1007/
978-3-642-02687-4_3
Scherneck HG, Johansson J, Webb F (2000) Ocean loading tides in GPS
an rapid variations of the frame origin. In: Schwarz (ed) Geodesy

Beyond 2000—The Challanges of the First Decade, Springer, IAG
Symposia, vol 121, pp 32–40
Schmid R, Steigenberger P, Gendt G, Ge M, Rothacher M (2007) Generation of a consistent absolute phase center correction model
for GPS receiver and satellite antennas. J Geod 81(12):781–798.
doi:10.1007/s00190-007-0148-y
Seitz M (2009) Kombination geodätischer Raumbeobachtungsverfahren zur Realisierung eines terrestrischen Referenzsystems. No.
630 in DGK Reihe C, Deutsche Geodätische Kommission bei der
Bayerischen Akademie der Wissenschaften
Seitz M, Angermann D, Bloßfeld M, Drewes H, Gerstl M (2012)
The 2008 DGFI realization of the ITRS: DTRF2008. J Geod
86(12):1097–1123. doi:10.1007/s00190-012-0567-2
Sillard P, Boucher C (2001) A review of algebraic constraints in terrestrial reference frame datum definition. J Geod 75(2–3):63–73.
doi:10.1007/s001900100166
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