JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 112, B12403, doi:10.1029/2007JB004933, 2007

Click
Here

Full
Article

Comparison of very long baseline interferometry,
GPS, and satellite laser ranging height residuals from
ITRF2005 using spectral and correlation methods

X. Collilieux," Z. Altamimi,’ D. Coulot,' J. Ray,” and P. Sillard®
Received 10 January 2007; revised 20 July 2007; accepted 18 September 2007; published 28 December 2007.

[11 For the first time, the ITRF2005 input data are in the form of time series of station
positions and Earth orientation parameters, together with full variance-covariance
information. The first step of the ITRF2005 analysis consists of rigorously stacking each
time series to yield a long-term solution per technique. As a by-product, time series of
position residuals contain the nonlinear motion of points over the Earth’s surface. In this
paper, the height residual time series of very long baseline interferometry (VLBI), Global
Positioning System (GPS), and satellite laser ranging (SLR) solutions submitted to
ITRF2005 are compared. We note that the interpretation of the ITRF2005 position residual
time series as observed physical motions at the various stations is delicate due to the
inhomogeneous site distribution. We estimate that the network effect may introduce an
averaged scatter of 3 and 2 mm in the VLBI and SLR height residuals, respectively.
Although noise levels are different among these three techniques, a common 1.0 cycles per
year (cpy) frequency is clearly detected. The GPS height annual signal exhibits significant
regional correlations that are confirmed by VLBI and SLR measurements in some
colocated sites. Significant power near frequencies 2.00, 3.12, and 4.16 cpy is also
detected in the individual GPS height residuals time series as mentioned by Ray et al.
(2007). However, neither VLBI nor SLR show any significant signals at these frequencies
for colocated sites. The agreement between detrended height time series at colocated
sites is quantified using a novel method based on Kalman filtering and on maximum
likelihood estimation. The GPS and VLBI measurements are shown to agree fairly well for
most of the colocated sites. However, agreement is not generally observed in the GPS and
SLR comparisons. A study of the interannual signal at colocated sites indicates that the

good correlation cannot be completely attributed to the annual harmonic.
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1. Introduction

[2] ITRF2005, the newest release of the International
Terrestrial Reference Frame (ITRF) as a realization of
the International Terrestrial Reference Systems (ITRS)
[McCarthy and Petit, 2004], is a set of positions and
velocities of points located on the Earth’s surface. For the
first time, it is associated with a set of consistent Earth
orientation parameters (EOPs) taking an important step to
ensure consistency among the International Earth Rotation
and Reference System Service (IERS) products [A/tamimi et
al., 2007]. As with previous versions, the ITRF2005 solu-
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tion has been computed using data from the four main space
geodetic techniques, very long baseline interferometry
(VLBI), satellite laser ranging (SLR), Global Positioning
System (GPS) and Doppler orbitography and Radio-posi-
tioning Integrated by Satellites (DORIS), together with local
ties at colocation sites. The use of these four techniques is
essential to take advantage of the strengths of each for the
benefit of the combined frame. For the first time, ITRF2005
input data are in the form of time series of station positions
and EOPs with their full variance-covariance matrices.

[3] The strategy adopted for the ITRF2005 combination
has two steps [Altamimi et al., 2007]. The first step is the
independent computation of a long-term stacked Terrestrial
Reference Frame (TRF) for each measurement technique
under the assumption of linear motions. A unique set of
positions and velocities is computed for every observing
station of each technique in a reference system specific to
the technique. The associated EOPs are readjusted simulta-
neously to make them consistent with their stacked TRFs.
Thus for each technique the first computation step produces
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a consistent set of station positions and velocities, and EOPs
together with their full covariance matrix. In the second step
these individual secular reference frames are combined
making use of local intertechnique ties to yield positions
and velocities for every point, with time-varying EOPs, in a
consistent and well-defined global frame.

[4] The intertechnique combination requires an assess-
ment of the consistency of the long-term site motions given
by the various measurement techniques. Beginning with
ITRF2005 it is now possible to assess the nonlinear motions
through the residuals of the first computational step. We
need to investigate what lessons can be learned from their
study to improve the secular reference frame combination
process and to probe whether technique-dependent system-
atic errors are detectable. Only the height component is
investigated here because most geophysical signals, as well
as most systematic errors, are expected to be largest in this
component.

[s] Indeed, due mainly to gravitational attraction by
celestial bodies, internal mass flows, and various mass
redistributions at the Earth’s surface between the ground,
the atmosphere and the ocean, the Earth’s crust is contin-
uously deforming. This deformation is one of the signals
that geophysicists wish to measure and understand. One of
the main tasks of geodesy is to try to model as accurately as
possible all other effects which may contaminate the meas-
urements. Ever since geodetic coordinate repeatability be-
came sufficiently precise to detect predicted loading motion,
geodetic measurements have been used to try to validate
geodynamical models. Atmospheric pressure and continen-
tal water loading have been detected in various studies,
using alternatively GPS [van Dam et al., 1994; van Dam et
al., 2001], VLBI [van Dam and Herring, 1994; Petrov and
Boy, 2004], or DORIS observations [Mangiarotti et al.,
2001]. Most of the time, these studies provide an acceptable
agreement between geodetic positioning and theoretical
model predictions but the measurements cannot be fully
explained by the models. Power spectra of the GPS coor-
dinate time series have been the most widely studied.
Blewitt and Lavallée [2002] have analyzed the spectral
content of GPS height time series and have clearly detected
annual and semiannual signals as well as higher harmonics.
Dong et al. [2002] tried to explain the significant annual and
semiannual (“‘seasonal’’) signals in GPS height time series
by investigating all possible individual contributions; less
than half of the observed seasonal motion can be explained
by known loading effects. More recently, van Dam et al.
[2007] have compared GPS height residual time series to
GRACE gravity field observation over Europe, and show
that the agreement is not yet achieved. According to Titov
and Yakovleva [1999], annual signals have been also
detected in VLBI baseline length time series; a semiannual
signature has also been identified for some baselines. A
more complete study has been led by Petrov and Ma
[2003]: The motion of every VLBI telescope has been
modeled by sums of harmonics whose terms have been
estimated simultaneously from the time delay observations.
Significant annual signals have been detected and partly
attributed to hydrological loading. Petrov and Ma [2003]
also revealed that VLBI annual vertical motions are posi-
tively correlated with the annual motion measured by
colocated GPS observations from Dong et al. [2002]. Ding
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et al. [2005] have also compared GPS and VLBI computed
time series at colocated sites. Their wavelet analysis of the
half-monthly sampled GPS and VLBI time series exhibits
signals with time-varying amplitudes. The annual signal
was in phase for both techniques but exhibited higher
amplitude for GPS. Interannual signals have also been
proved to be correlated for most of the considered colocated
sites. Fewer studies have been conducted concerning non-
linear motions in SLR position time series. More recently,
Ray et al. [2007] have analyzed the general spectral content
of these three techniques by computing stacked periodo-
grams of the ITRF2005 position residuals and loading
displacement models. They have emphasized that GPS
station positions contain harmonics of the 1.04 cpy fre-
quency, up to the sixth.

[6] These previous studies have emphasized that only a
part of the displacement observed could be attributed to the
real motion of the ground. Systematic errors may degrade
the observed displacements, notably on the height compo-
nent. Indeed, any nonmodeled or mismodeled contribution
affecting the range measurements or the station a priori
motions can contribute to the station position time series
scattering. Also, as shown by Stewart et al. [2005], the
impact of unmodeled tidal signals in the geodetic observa-
tion processing can cause aliasing into longer-period sig-
nals. Thus each space geodetic technique acts as a filter of
the measurements, creating its own artifact signals.

[7] Here, we aim at comparing the height measurements
provided by GPS, SLR and VLBI which are known to have
the best internal precision [Altamimi et al., 2007]. This
intertechnique comparison aims at detecting possible indi-
vidual technique systematic errors with the limitation that
any common systematic error will not be detected. This
work is an assessment, at the time of the ITRF2005 release,
of the agreement in the height estimates among the three
techniques. The input time series span more than 10
common Yyears, with continuously weekly samplings for
GPS and SLR, and irregular 24-h intervals for VLBI. We
have analyzed these three solutions to separate the nonlinear
motion of individual points from the global motion and
biases that affect the whole set of stations. Unfortunately,
this procedure cannot be fully realized since station dis-
placements may alias into the global parameters. We have
consequently evaluated the possible error introduced. The
comparison of the derived height residuals is then achieved
in two main steps. The spectral contents of the height
residual time series are first investigated to search for
significant common spectral lines in the data sets. The
study then focuses on the annual signal which is the most
significant common spectral line. Next, we develop a
method based on Kalman filtering and maximum likelihood
estimation (MLE) to assess height time series similarities
and compute correlation coefficients. This method is ap-
plied to height time series for sites with sufficient common
data spans from multiple techniques.

2. ITRF2005 Data Processing

[8] ITRF2005 input solutions using SLR, VLBI, and GPS
have been analyzed by the geodetic services of the Interna-
tional Association of Geodesy (IAG): the International
Laser Ranging Service (ILRS), the International VLBI
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Figure 1. GPS, VLBI and SLR colocated sites of ITRF2005. Star, GPS-SLR-VLBI (18); circle, GPS-

VLBI (31); triangle, GPS-SLR (20); diamond, SLR-VLBI (4).

Service (IVS) and the International GNSS Service (IGS),
respectively. Each set of solutions is composed of intra-
technique combined time series of positions and EOPs
provided with the full covariance information at each epoch
(weekly for SLR and GPS, daily for VLBI). Each solution
set has been stacked independently to estimate secular
reference frames with consistent EOP time series.

2.1. Input Time Series for ITRF2005

[9] The IGS network comprises 302 sites whose data
span 1996.0 to 2006.0. The number of points has increased
significantly since 1996.0 to exceed 200 in 2003. The
network is almost evenly distributed globally although more
stations are located in the Northern Hemisphere. The raw
GPS data have been computed by eight analysis centers
(ACs), each one providing its solution to the IGS. Weekly
combined sets of positions and daily EOPs have been
computed from these solutions by the Natural Resources
Canada (NRCan) combination center and have been explic-
itly expressed in ITRF2000 [Ferland and Hutchison, 2001;
Ferland, 2003]. It is worth noting that the IGS weekly
solutions have not been homogeneously computed. For
example, major changes in the Center for Orbit Determina-
tion in Europe (CODE) AC computation strategy have been
reported by Steigenberger et al. [2006]. As the most recent
data have been analyzed with improved modeling, their
internal quality is expected to be better.

[10] The ILRS network is composed of 87 stations using
data from 1993.0 to 2006.0. Although the ILRS network
suffers from an unequally distributed network, the quality of
the Lageos 1 and Lageos 2 orbit determination makes this
technique essential for the realization of the ITRF origin as
the center of mass of the whole Earth system. Its 13-year (a)
data span is also essential for ITRF stability monitoring.
Weekly sets of positions and daily EOPs have been com-
puted by the Agenzia Spaziale Italiane (ASI) AC within the
ILRS Analysis Working Group (AWG) combining data

analyzed by five independent ACs [Luceri and Pavlis,
2006]. Although not all the stations observe continuously
during the whole week, the ILRS weekly solutions provide
station coordinates computed at the mean epoch of each
week.

[11] The IVS solutions span 1980.0 to 2006.0 and include
136 radio telescope stations. The number of telescopes per
24-h session varies from 3 to 20. Each session spans a full
day but these are not continuous, with an average of about
three sessions per week, and the central epochs are at
irregular intervals. The combined daily solutions have been
computed by the VLBI group at the Geodetic Institute of the
University of Bonn from five independent VLBI ACs
[Vennebusch et al., 2006]. For this study, we have analyzed
only those sessions comprising at least four stations.

[12] ITRF2005 contains 18 sites with colocated VLBI,
GPS, and SLR instruments. A map of all colocated sites is
shown in Figure 1. There are apparently many colocated
sites to study. However, some SLR and VLBI stations have
been observed irregularly or for limited periods, and con-
sequently cannot be used to investigate nonlinear behaviors.
Only a few colocated sites with sufficient common data
spans (out of the entire 10-a overlapping period from 1996.0
to 2006.0) can be used in a quantitative comparison.

[13] All input times series have been computed using a
priori models of the reference point motions [McCarthy and
Petit, 2004]. Solid Earth tides, ocean tide loading as well as
pole tide have been modeled in the original data processing.
For some of the ACs solutions, pole tide correction has been
applied at the intratechnique combination level. However, it
is worth noting that atmospheric, hydrological and nontidal
ocean loading have not been modeled during AC data
processing. As a consequence these geodynamical signals
are expected to be contained in the residuals of the first step
computation of the ITRF2005. The effect of the VLBI
antenna thermal deformation has not been taken into ac-
count in the VLBI data processing [Vennebusch et al.,
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2006]. The use of current thermal deformation model
[McCarthy and Petit, 2004] has been investigated by
[Tesmer et al., 2006]. They have shown that this effect
mainly causes annual signal up to 0.7 mm and lead to
episodic signal up to +£3 mm in the height component.

2.2. Detrended Height Time Series Computation

[14] IGS, IVS, and ILRS coordinate frame time series
have been rigorously stacked using the Combination and
Analysis of Terrestrial Reference Frames (CATREF) soft-
ware [Altamimi et al., 2002] to estimate positions at a
reference epoch and velocities for every station. The com-
putation strategy is summarized in this section. For more
details about this approach, see Altamimi et al. [2006,
2007].

[15] The per technique time series of station positions and
EOPs have been combined, rigorously stacked, using the
following relation involving the seven Helmert similarity
parameters in a Cartesian frame:

Vi, X[(6) =X+ (6 — )X + T + DX+ RX (1)

where for each point i of the solution £, X(¢';) is the position
(at epoch #;) and X, and X, are the position (at the reference
epoch #y) and velocity of the stacked solution ¢. Dy, T; and
R;, are the scale factor, the translation vector and the rotation
matrix, respectively, needed to transform the coordinates of
the combined frame at the mean epoch of the solution k into
the frame of the individual input set k. 7 contains the three
origin components and R, the three rotations around the
three axes X, Y, Z, respectively. Thus seven parameters per
input weekly (or session-wise) solution as well as secular
coordinates for every station are estimated using the full
covariance of every solution to weight the estimation.
Frame minimum constraints are added to define the stacked
frame and to allow the normal equation inversion [Altamimi
et al., 2007].

[16] This approach is used to separate global motion and
biases affecting the whole set of stations from the motion of
individual stations. Here the motion of each station is
modeled as a piecewise linear function so that most of the
station nonlinear motion is left in the postfit residuals. A
break-wise approach is used to account for discontinuities in
the time series due to any physical motion of the ground,
such as earthquakes, or equipment changes. Discontinuity
files can be found at http://itrf.ensg.ign.fr/. A new stacked
station position is estimated after every offset detected. In
that case, velocities are usually constrained to be equal
before and after a discontinuity, except site where earth-
quake occurred. A similar velocity constraint is also applied
for colocated stations. Noncontinuous preseismic and post-
seismic deformations have not been modeled in this analysis
nor any seasonal term or nonlinear deformation field.

[17] The time series residuals of this computation are
assessed in the following. Contrary to the ITRF2005 com-
putation, we reject all VLBI sessions having less than four
stations, restricting the number of VLBI sessions to 3259 in
the above computation.

2.3. Network Effect

[18] Geodetic position time series contain nonlinear var-
iations which reach several millimeters of amplitude. These
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are mainly attributed to loading effects which are not
modeled at the ACs level (see section 2.1) and to remaining
systematic errors. Although equation (1) is weighted by the
full covariance matrix of the positions neither time-corre-
lated noise nor nonlinear station motion are modeled. The
Helmert parameters of equation (1) are used to compare the
piecewise linear positions of the stacked frame to the
positions of a frame which undergoes more complex shape
deformation. However, theoretically, this relationship can
only be rigorously applied when the two frames to be
compared have a similar shape. A portion of the station
individual motion may consequently leak into the Helmert
parameters. As this effect is dependent on the network
configuration, we call it “network effect” in the following,
as is commonly done. However, it should be noticed that the
amplitude of this effect depends additionally on each station
individual motion and systematic errors, and on technique
internal noise.

[19] The analysis of the network effect needs an a priori
knowledge either of the station individual motion or of the
transformation parameters. Blewitt and Lavallée [2000]
have analyzed this effect assuming that loading effects
dominate station motions. Tregoning and van Dam [2005]
have observed that the scale parameter absorbs station
motion when transforming station displacements caused
by atmospheric loading from a frame centered at the Earth’s
center of mass (CM) to a frame centered at the Earth’s
surface barycenter (CF) using a seven-parameter similarity,
but their simulation did not model any other systematic
errors. Lavallée et al. [2006] have also analyzed this effect
using synthetic and real data, mentioning that an annual
signal in the GPS scale is reduced when the crust deforma-
tion field is modeled using loading theory. In the context of
ITRF computation, and particularly ITRF2005, the scale has
been chosen to be estimated to better monitor any distortion
of the weekly (or session-wise) frames. Intrinsic IVS
solution scale and ILRS solution translation and scale time
series are available from Altamimi et al. [2007] (Figures 2
and 3). Their rigorous analysis in the scope of network
effect evaluation requires external information such as a
loading model, which is beyond the scope of this paper. The
analysis of the IGS solution Helmert parameters time series
themselves would be useless since IGS weekly frames have
already been expressed in ITRF2000: no seasonal pattern is
consequently detectable in the IGS solution intrinsic scale
time series.

[20] We attempt here to evaluate the network effect using
only ITRF2005 data. Our method is to compare station
residual time series from different IGS subnetworks stacked
to give an order of magnitude of the error introduced by this
network effect. The advantage of such an approach is that
no assumption about the signal needs to be made neither for
the residuals nor for the Helmert parameters. Our experi-
ment, however, only uses an extract of each covariance
matrix. The disadvantage is that the covariances involving
points which have been removed are neglected. To circum-
vent this omission and to strictly test the geometrical effect,
we have only considered station block diagonal covariance
terms in the following either for the subnetwork stacking or
for the full IGS network stacking. We first qualify the IGS
network and then evaluate the network effects associated
with the SLR and VLBI networks.
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Figure 2. Histograms of the detected frequencies in the ITRF2005 height residuals of the GPS
technique with SNR higher than 3.5. (a) With more than 150 points. (b) Detailed histogram with constant
bin width. Orange indicates European stations only (48 time series), and black indicates whole set of
stations (205 time series) (c) Histogram of the detected frequencies in the ITRF2005 height residuals of
the VLBI technique with SNR higher than 3.5. Twenty residual height time series with more than 150
estimated positions are considered. (d) Histogram of the detected frequencies in the ITRF2005 height
residuals of the SLR technique with SNR higher than 3.5. 28 residual height time series with more than

150 estimated positions are considered.

[21] The IGS network has a good global coverage but
there is a concentration of stations in the Northern Hemi-
sphere and a varying spatial density. As loading effects and/
or systematic errors are regionally correlated (due, for
example, to similar equipment and monumentation in case
of GPS), the aliasing effect is expected to be accentuated.
Therefore we have selected a GPS subnetwork which is
almost optimal in terms of spatial density. The Earth’s
surface has been subdivided into 80 faces with almost equal
area, based on the first subdivision of an icosahedron
centered with respect to the Earth [Chambodut et al.,
2005]. Only one IGS station has been chosen per face.
The selected network covers 61 faces with, on average, 52%
of the stations in the X positive hemisphere, 56% in the Y
positive hemisphere and 55% in the Z positive hemisphere
(see Table 1). Some of the stations are located in the same
site but operate at different epochs. We have also made three

exceptions to the above rule by using stations located close
to the boundary of an empty face (MDO1, CROI and
UNSA). The estimation of the 14-parameter similarity
(seven for the positions and seven for their time derivatives)
between the stacked frame of this subnetwork and the
stacked frame of the full IGS network provides the shape
difference between the two solutions. The weighted root
mean square scatter (WRMS) of the transformation is 0.4
mm for position and 0.2 mm/a for velocities. The residual
time series of the two stackings are almost identical for the
horizontal components with scatter of 0.5 £ 0.1 mm.
However, a difference of 1.2 + 0.2 mm is observed for
the height component mostly because the two scales differ
by an annual term of 1 mm of magnitude. Thus we have
observed that the IGS network effect might have an impact
of about 1 mm in the heights when changing to a more
uniformly distributed network. This analysis implicitly

50f 18



B12403

Figure 3. (a) The 4.14 cpy wave estimated in GPS height
residual time series having SNRs greater than 3.5. (b) The
1.00 cpy wave estimated in GPS height residual time series
having SNRs greater than 3.5. The norm of arrows provides
the signal amplitude 4 and the arrow orientation (counted
clockwise from the north) indicates the phase ¢ with respect
to the model 4 cos(w(t — 2000.0) — ¢). The ellipses
represent the 95% confidence ellipses.

assumes that a well distributed network does not suffer from
network effect, which should not be exactly true because
there is no reason that station individual motions cancel
each other exactly. With regards to the relatively small value
obtained and this consideration we keep IGS network
stacking residuals as a reference in the following.

[22] To study VLBI and SLR network effects, IGS
colocated subnetworks have been separately extracted from
the IGS frames building two subsets of data. These subnet-
work frames are then stacked with the same strategy as the
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VLBI and SLR input solutions for ITRF2005, using internal
constrains to define the combined frames [Altamimi et al.,
2007]. On average, 72% of the SLR stations simultaneously
operate with a GPS station. As SLR core stations play an
important role in the SLR analysis, we paid attention to
reject all the weeks where more than two IGS stations
colocated with SLR core stations are missing; we assure on
average that more than 85% of the SLR core stations are
represented in the colocated GPS subset of data. The
geometry of the true SLR network is not exactly reproduced
in that experiment although the general distribution is quite
representative. The stacked solution of this subnetwork is
comparable to the full IGS stacked solution. Indeed, a 14-
parameter similarity has been estimated between them over
stations having more than 150 points. The WRMS agree-
ment of the transformation is at the level of 0.3 mm for
positions and 0.1 mm/a for velocities. It is worth noting that
there is no significant drift in the translations. The Helmert
parameter time series differ from those of the full IGS
stacking by 1 mm scatter in each origin component and 2
mm in scale. The two sets of residuals are consequently
different. Table 2 shows the computed average scatter
between the full GPS residuals and colocated GPS network
residuals in the height component. Horizontal components
are omitted for clarity but their agreement is at the level of
0.8 + 0.5 mm, whereas it is 2.1 £ 0.3 mm for the heights in
term of scatter.

[23] The same analysis has been conducted for colocated
VLBI stations where daily solutions of more than four
stations have been used. About 86% of the VLBI stations
operate simultaneously with IGS stations. The median
number of IVS stations is six per session. As VLBI observes
at a daily interval, the GPS subnetwork data of the week has
been extracted every time a VLBI session has occurred.
Similarly, a l4-parameter similarity has been estimated
between the stacked frame of this subnetwork and the full
IGS network stacked frame over stations having more than
150 points. The WRMS agreement of the transformation is
1.3 mm for positions and 0.7 mm/a for velocities. Height
WRMS values are given in Table 2 for stations having more
than 150 points. The horizontal agreement is 1.3 + 0.5 mm
and is 3.0 £ 0.8 mm for the vertical (see Table 2). The level
of scatter due to the network effect, as evaluated here, is still
lower than the uncertainty of the station positions for SLR
and VLBI colocated networks.

[24] As section 4.1 reveals that the annual harmonic is the
main common spectral line in the IGS, IVS, and ILRS
residuals, we have fitted an annual signal of the residual
differences with respect to the full IGS reference residuals
for both experiments (see Table 2). The annual signal
amplitude is about 1 mm on average for both techniques.
There is no significant scale annual signal in the simulated
VLBI scale difference with respect to the full IGS scale. We
note 0.7 £ 0.1 mm of annual signal in the SLR simulated
scale difference. The difference increases at this frequency
compared to the well-distributed IGS subnetwork to reach
0.9 £ 0.1 mm and 1.4 £ 0.2 mm for VLBI and SLR,
respectively, with consistent phases for the two signals. It
seems consequently that the scale affects the three techni-
ques quite similarly at the annual frequency, mainly due the
asymmetry between the Northern and Southern Hemi-
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Table 1. IGS Station Subnetwork Selected to Constitute a Spatially Well-Distributed Network
Long, Lat, WRMS Long, Lat, WRMS
Code N* deg deg E,mm N, mm U mm fy — fond” Code N deg deg E,mm N,mm U mm fy — fond”

ALIC 382 1339 -235 1.6 1.3 54  1998.5-2006.0 LHAS 417 91.1 29.5 2.2 2.5 7.2 1996.8—-2006.0
AOML 308 —80.2 25.6 2.1 1.6 5.6 1998.2-2004.3 MALI 492 40.2 -3.0 33 22 7.2 1996.1-2006.0
ASCl 404 -144 -709 2.7 1.7 5.8  1996.3-2005.6 MASI 493 —15.6 27.6 1.7 1.9 52 1996.1-2006.0
ASPA 151 —-170.7 —142 3.0 1.6 6.8  2003.1-2006.0 MCM4 501 166.7 —-77.8 2.4 1.7 8.4  1996.1-2006.0
AUCK 506 1748 —-36.4 34 1.6 4.6  1996.1-2006.0 MDO1 515 —104.0 30.5 1.8 1.7 4.6  1996.1-2006.0
BAHR 472 50.6 26.1 2.0 2.1 6.0 1996.6-2006.0 MSKU 93 136 —1.6 2.5 1.7 49 2001.4-2005.3
BAKO 319 1069 —6.5 2.0 2.1 7.3 1998.3-2006.0 NKLG 288 9.7 0.4 1.8 1.5 5.5  2000.3-2006.0
BILI 268 1664 679 1.3 2.0 53 1999.7-2006.0 NLIB 516 —-91.6 41.6 1.8 1.8 53 1996.1-2006.0
BRAZ 277 —-479 —-159 2.0 1.5 8.3 1996.7-2006.0 NOUM 392 1664 —22.1 3.6 1.8 6.5 1998.2-2006.0
BRUS 513 44 50.6 1.7 1.6 34 1996.1-2006.0 NTUS 347 103.7 1.3 2.0 2.2 5.6 1997.7-2006.0
CHAT 507 —176.6 —43.8 28 1.8 4.7  1996.1-2006.0 NYAL 487 119 78.9 1.5 1.8 5.6 1996.1-2006.0
COCO 470 96.8 —12.1 1.9 1.9 4.6 1996.5-2006.0 OHI3 115 —-579 —-632 2.0 2.5 6.3  2003.5-2005.9
CRO1 479 —-64.6 17.7 2.7 1.9 7.0  1996.1-2006.0 OHIG 199 -579 —-632 2.8 3.1 8.7  1996.1-2002.1
DAV1 474 780 —685 1.8 1.7 44  1996.1-2006.0 ONSA 509 119 57.2 1.3 1.1 3.2 1996.1-2006.0
DGAR 370 724 =72 2.4 2.2 5.1 1996.4-2006.0 PETP 373 158.6 529 1.9 1.8 5.6 1998.8—-2006.0
DRAO 518 —119.6 49.1 1.9 1.8 4.8  1996.1-2006.0 POL2 450 74.7 425 1.7 1.6 4.7  1996.1-2006.0
EISL 354 —1094 -27.0 42 2.0 7.4 1996.1-2003.8 QAQl 178 —46.1 60.6 0.9 1.2 5.1 2002.5-2006.0
FORT 500 -384 -39 3.1 2.3 6.6  1996.1-2006.0 RAMO 348 34.8 30.4 3.1 1.9 5.6 1998.5-2006.0
GALA 205 -903 —0.7 2.1 1.6 4.7  1996.7-2002.9 REYK 507 -22.0 64.0 2.3 1.6 6.3 1996.1-2006.0
GLPS 130 -903 —0.7 1.3 1.9 3.7 2003.3-2006.0 RIOG 429 —-678 —-536 15 22 52 1997.7-2006.0
GOLD 518 —116.9 352 2.0 2.5 4.5  1996.1-2006.0 SANT 505 —-70.7 —=33.0 2.1 2.3 6.1 1996.1-2006.0
GOUG 249 -99 —402 3.1 2.1 13.7 1998.7-2006.0 SEY1 145 555 —4.6 29 2.3 6.5  1999.2-2005.2
GUAM 497 1449 13.5 2.7 22 53 1996.1-2006.0 STJO 516 —52.7 474 1.7 1.4 4.2 1996.1-2006.0
HOB2 475 1474 —-426 22 1.5 5.5 1996.2-2006.0 SUTH 361 208 —-322 2.7 1.5 4.7 1998.3-2006.0
HRAO 414 277 =257 2.0 1.9 5.3 1996.8-2006.0 THTI 355 —149.6 —17.5 2.9 1.9 59  1998.5-2006.0
JIN@® 421 77.6 12.9 2.2 1.5 7.1 1997.4-2006.0 TIXI 369 1289 715 1.7 2.3 6.4 1998.8—2006.0
INVK 211 —133.5 68.1 1.7 2.3 89  2001.9-2006.0 TOW2 384 147.1 —-192 2.0 1.6 4.6  1998.5-2006.0
IRKT 495 1043 520 2.0 22 8.1 1996.1-2006.0 TSKB 504 140.1 359 2.3 2.4 6.8 1996.1-2006.0
ISPA 84 —-1093 —-27.0 1.8 1.2 5.9 2004.2-2006.0 UNSA 271 —654 —-246 1.8 1.6 6.0  2000.3-2006.0
KERG 488 703 —492 2.0 22 4.3 1996.1-2006.0 VESL 257 -28 -—-71.6 1.7 1.7 7.3 1998.8—-2006.0
KIT3 392  66.9 39.0 2.1 2.6 5.0 1996.1-2006.0 VILL 500 —4.0 403 1.5 1.4 3.7 1996.1-2006.0
KOKB 495 —159.7 22.0 2.8 1.8 5.5 1996.1-2006.0 WUHN 484 1144 304 23 1.9 6.5  1996.6—-2006.0
KOUR 482 —-528 52 2.4 2.6 6.7  1996.1-2006.0 YAR2 501 1154 -289 23 1.9 6.3 1996.1-2006.0
KWIJ1 277 167.7 8.7 3.1 2.3 6.9 1996.2-2002.6

“Number of weekly estimated positions available over the interval 1996.0—2006.0.

°Data span of the station.

sphere. The effect of these added annual terms may be a
reduction or an amplification of the real measured annual
displacement. The phase may shift, but this shift may be
reasonably small if the station displacement is much larger
than the added annual error.

[25] This experiment provides an indication of the geo-
metrical effect caused by the stacking strategy but does not
constitute an exact answer. Indeed, the SLR and VLBI
techniques are not subject to the same systematic errors as
GPS is and do not provide the same level of measurement
noise. Thus, although our experiment quite faithfully repro-
duces the geometry of the networks, it does not reproduce
the exact station position measurement as viewed by the
SLR or VLBI techniques. It is, however, reasonable to take
the values of 2 mm and 3 mm as measurement of the
network effect for SLR and VLBI, respectively.

3. Height Residual Analysis

[26] Before entering into more details, it is worth briefly
discussing the scatter of the position residual time series.
IGS position residual WRMS is typically at the level of 1.8
mm for both horizontal components and 5.3 mm for heights.
IVS position residuals have scatter of 3.5 mm and 4.4 mm,

respectively, and ILRS residuals have nearly equal scatter in
all components with 8.7 mm horizontally and 8.5 mm
vertically for the core stations. Ray et al. [2007] have also
analyzed the spectral content of the ITRF2005 ILRS, IVS,
and IGS position residuals by stacking the normalized
periodograms. They conclude that GPS residuals on the
three components are dominated by flicker noise and that
IVS and ILRS power spectra are much whiter. This work
uses the same data set, except that we restrict here the
number of VLBI sessions used. However, this work is
devoted to individual station residual analysis. The vertical
component is more interesting to study since loading signals
are larger than for the other components [Farrell, 1972].
Systematic errors are expected to be more important too in
that component due mainly to the geometry of the measure-
ments, troposphere refraction and data analysis. The scat-
tering of SLR residuals on the horizontal component also
decreases the interest of intercomparing horizontal residuals
since only GPS and VLBI techniques would be worth
comparing, restricting the analysis to two independent data
sets only. We consequently limit this analysis to the vertical
component but the horizontal component issue is addressed
if it clarifies or enriches the discussion. The reader may refer
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Table 2. WRMS and Amplitude and Phase of the Annual Term
Computed Over the Differences Between the Residuals Produced
With the Subnetwork Stacking and the Residuals of the Full IGS
Network Stacking®

WRMSy,, ny,,,b A, Number
DOMES Code mm mm mm ¢, deg  of Points
GPS Network Colocated With SLR Network
42202M005 AREQ 2.9 86 1.7+04 15+10 164
12205M002 BORI 2.0 60 15+02 35+7 256
40451M123 GODE 2.0 6.8 03+0.1 22+21 373
10002M006 GRAS 2.1 77 1.1+£01 152+8 294
11001M002 GRAZ 2.0 59 05+0.1 65+15 377
13212M007 HERS 1.8 56 06+02 325+13 252
30302M004 HRAO 1.9 53 09+02 80 +14 164
12734M008 MATE 2.2 55 07+02 320+ 16 261
40442M012 MDOI1 2.1 77 05+0.1 35«15 377
40497M004 MONP 2.8 11.7 04+£02 354+£22 352
14106M003 POTS 2.0 47 12+£01 66+7 319
13402M004 SFER 2.1 58 06+0.1 331+17 190
21605M002 SHAO 2.4 9.7 03+0.3 152+60 147
14201M010 WTZR 1.9 37 1.1+01 40+7 332
50107M004 YAR2 2.7 56 1.1+0.1 138+9 388
14001M004 ZIMM 2.2 60 1.0+02 81+10 268
GPS Network Colocated With VLBI Network
40104M002 ALGO 2.4 35 1.0+0.1 41+7 465
41719M002 CONZ 2.8 62 09+02 270+ 14 248
40408M001 FAIR 44 50 03+0.2 184 +33 790
41602M001 FORT 3.8 9.8 08+0.2 119+ 14 520
50116M004 HOB2 4.5 47 22+03 228+9 171
30302M004 HRAO 4.1 6.0 09+03 160+17 324
40424M004 KOKB 4.5 53 06+02 49+18 703
12734M008 MATE 3.2 48 0.6+02 140 +22 311
12711M003 MEDI 2.4 69 05+0.3 335+26 149
10317M001 NYAL 3.5 75 1.1+02 61=+11 557
10402M004 ONSA 2.3 39 06+0.2 333+19 184
21730S005 TSKB 2.6 43 21+£03 217+7 179
404408020 WES2 2.6 6.1 06+0.1 122+16 481
14201M010 WTZR 2.4 36 06+01 55+10 872

#Amplitudes and phases are provided with respect to the model 4 cos(w(t
— 2000.0) — ¢).
®Median value of the height residual error bars.

to Ray et al. [2007] for more insights on the horizontal
component power spectra.

[27] In the ideal world, we would expect the three
techniques height measurements to represent the physical
motion of the Earth’s crust. They are expected to contain a
common spectral signature which represents the local
ground motion. The reality may be much more complicated
because each technique could be subject to its own peculiar
systematic errors, such as signal multipath for GPS, or
because of technique own aliasing. Indeed, ground motions
that are not modeled at the raw geodetic data analyses (ACs)
level may cause artificial spectral lines or complex noise
processes at the geophysical frequencies of interest and may
be misinterpreted as physical ground motion [Stewart et al.,
2005]. Discrepancies among techniques may consequently
be found in the derived height residuals.

[28] This section presents the spectral method used to
analyze the time series. It comes with a description of the
method developed to compute a correlation coefficient
between two independent height time series.
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3.1. Spectral Analyses Using Frequency Mapping

[20] In general, the height residual time series are un-
evenly sampled. In space geodesy literature, spectral anal-
ysis of such data are often conducted using a Lomb
periodogram [Scargle, 1982] or similar method [Langbein
and Johnson, 1997; Titov and Yakovleva, 1999; Mao et al.,
1999; Blewitt and Lavallée, 2002]. According to Scargle
[1982], this algorithm is equivalent to the fitting of sine
waves directly to the data. Interpreting such periodograms
when dealing with irregular samples requires caution since
the observing window contributes to the spectrum. This
contribution is sensitive to the real spectral content of the
data so that artificial spikes may be created if sampling is
uneven.

[30] The Frequency Analysis Mapping on Unusual Sam-
pling (FAMOUS) software is specifically designed to search
for sets of frequencies in discrete irregular sampled data sets
[Mignard, 2005]. The algorithm builds a least squares
periodogram to detect the most powerful spectral line and
uses a nonlinear least squares fit to improve the frequency
location. Once a spectral line has been estimated, it is
removed from the data set and the periodogram of the
residuals is computed to detect the next most significant
spectral line. At each step, all frequencies, as well as the
trend, are readjusted in a nonlinear optimization adjustment.
Finally, frequencies are filtered by means of a signal-to-
noise ratio test to keep only the significant spectral lines.
The significance of the detected spectral lines is assessed in
the spectral domain by dividing the square root of the power
of the line by a robust estimation of the noise computed
once the line is removed. For more details about the
algorithm, see Mignard [2005]. The GPS power spectrum
is known to contain correlated noise (see section 4.1 for
references). We choose anyway to test the significance of
the lines assuming background white noise in order to
analyze the low-frequency signal.

[31] Moreover, the height residual time series we aim to
analyze contain points with heterogeneous quality. This
heterogeneity is expected to be reflected in the position
formal errors supplied with the solutions. An analysis of
these uncertainties exhibits nonnegligible heterogeneities in
the VLBI and SLR height determinations especially, as well
as in the early GPS data. However, GPS uncertainties are
more stable even if some seasonal variations of minor
amplitudes, mostly semiannual, are found in most of the
site formal error time series.

[32] It is necessary to take into account these uncertainties
in the spectral analysis. The use of the inverse of the square
of these quantities is the optimal weight to consider in
estimations. So adjustments of periodograms and nonlinear
optimizations need to be weighted in the FAMOUS algo-
rithm to compute more reliable estimates of spectral lines in
the height time series. We have consequently added this
feature to the software.

3.2. Correlation Study

[33] We aim to compare height time series from different
techniques and to assess their possible agreement. Comput-
ing a correlation coefficient is not easy because of data gaps
and sampling discrepancies. GPS and SLR point positions
and VLBI point positions do not reflect the same physical
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quantity: GPS and SLR positions are weekly integrations of
mean motion whereas VLBI positions are daily integrations.
Averaging VLBI data at the GPS or SLR sampling would
not be reasonable because of VLBI data sparseness. We
have adopted a time evolution model of the data to deal with
data gaps and this heterogeneous sampling. In doing so, we
add stochastic information to model the time evolution of
the data. The GPS and SLR averaging process of daily
positions also need to be modeled in the comparison
method.

3.2.1. Correlation Computation Equations

[34] Our method is based on a nonadaptative Kalman
filter: a complete review of Kalman filtering and basic
random processes is given, for example, by Herring et al.
[1990]. The state-space model used in the Kalman filter
formalism is particularly adapted to describe the time
evolution of a random process. The random process, called
the state, does not necessarily need to be directly observ-
able: the observations, here a pair of height residuals from
two distinct techniques, can be related to the random
process as a linear combination, plus an additive noise.
We present the model used to compare weekly time series to
daily time series, for example, GPS or SLR residual height
time series and VLBI residual height time series. In our
case, we would like to estimate the daily height motion
viewed by the two techniques. In the following, we call this
daily height the state height. Thus our state vector contains
at least two parameters, one for the state height as viewed
by each technique. However, GPS and SLR height residuals
represent a weekly mean height with an average of seven
consecutive daily height parameters. Seven state parameters
are then needed for GPS or SLR vectors and one state
parameter is needed for each VLBI state height which is
directly observable.

[35] The dynamics of the state parameters are given in the
Kalman filter state equation. Two consecutive positions z,
and z, are modeled to differ by a white noise contribution,
the innovations V;:

Zt+1 =472+ V;
rvibi "Zvlhi q
(t+4) ‘100 00 0 0 07| Myvibi ]
2P 2P (t43)
(t-2) 0010000 0f]76d 0
) 0001000 0|2 0
o oo 00100 0f|7 . 0
ﬁg 00000 10 0ff 0
zgsz OOOOOOIOthPi1 8
s 00 0O0O0O0 0 1 s
G 0000000 1 2 Vs
£ I A R
(2)

where z(},", Z8* are the state daily heights viewed by VLBI
and GPS, respectively, at the epoch ¢. The innovations, v(,)

and v}, may be different for each technique but are
assumed to be correlated. This correlation is modeled in the
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innovation vector V(f) variance-covariance matrix, assumed
to be

Uiﬁnvlh[ o ... ... 0 PO vwnvibi O wngps
0 0
Var(V,) =
0 0 0

2
O gps

(]

PO vwnvibiO wngps 0
(3)

The correlatlon coefficient p and the white noise variances
02w and angps are unknown and are our parameters of
interest.

[36] Our sampling problem is solved in the measurement
equation of the Kalman filter. When GPS and VLBI data are
available at 3-d intervals, our observation equation is
written as

rovibi
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where A{))" and h® are the height residuals at the epoch #. In

equation (4), we assume that the VLBI measurement is an
observation of the daily position which is a first
approximation because the middle of the session does not
coincide with the middle of the day. The random process U,
models the measurement noise which is assumed to be
uncorrelated. The covariance matrix of the measurement
noise is

2 2
Tovibi™ T i, (143) 0 5)
0 O oaps O

02ps  gps (1)

Var(U;) =

[37] An indication of the measurement noise is provided
with the height residuals through the covariance matrix of
the associated observations where ngpsuh,,- and O’V%biohs are
taken from. Our combination experiment encourages us to
rescale these quantltles which are overly Optll’nlSth Th1s is
done through the variance factor parameters O'ngq and o3,
When one of the two observations is not available, the
corresponding line of this equation is removed.

[38] Equations (2) and (4) are used to estimate the state
vector and its covariance matrix at daily sampling from the
first day to the last day of common observation span, by
using the Kalman filter equations [Herring et al., 1990].
However, the matrices of this model are dependent on some
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Table 3. Results of the Tests of the ML Estimator on Synthetic
GPS and VLBI Time Series®

OyLBI oGPs;
mm d' mm d'? P a 3“;/ o GPS
Simulated 0.600 0.600 0.300 1.000 1.000
parameters
Mean of estimated 0.596 0.597 0.306 0.999 0.999
parameters
Square root of 0.064 0.072 0.148 0.055 0.042
mean variances
Square root 0.067 0.074 0.146 0.055 0.042

of the MSE

*There are 350 points per technique; 1000 simulations. The parameters
used to generate these simulated data are listed as well as the average
estimates and the mean square error (MSE).

parameters which are the following: the innovations var-
iances Ufmgm and ¢2,,,; and their correlation p and scaling
factors og,;; and a%)g,,s These five parameters are estimated
by maximum likelihood (ML).

[39] The log likelihood of the observation vector H, is
built according to Gourieroux and Monfort [1997] under
Gaussian assumption by

log(L) (H:0) =~
=1

_Z Z [dim(H;) log(27)]

t=

Sy

Var( t+l\t(0))7

{log [det [Var(HtH\z) (Q)H }

Ht+1\t ))T

1 (Ht — Hx+1\r(Q)) (6)
where H #+1)¢ and var(ﬁ 1)) are the prediction of the
observation at time ¢ + 1 and its covariance matrix built
using the whole set of observations before time ¢,
respectively. These quantities are computed using the
estimates of the Kalman filter and their covariance matrices
[Gourieroux and Monfort, 1997]. According to equation
(6), the Kalman filter needs to be run fully forward to
evaluate the log likelihood. This log likelihood is minimized
using the downbhill simplex method [Press et al., 1996].
[40] The Kalman filter model is slightly modified to
estimate the correlation coefficient between SLR and GPS
data. We assume the SLR positions to be mean motions over
an entire week although this is not strictly true. Indeed, the
SLR network only tracks satellites when they are observable
and when weather conditions allow. The same can also be
said for GPS where observations for an entire week are not
always used for every station. However, the information of
the midpoint epoch of the observations is stored in the IGS
solution files. We consider this epoch to be the epoch of a
weekly position because the information of the exact
integration time is not always directly available. With
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respect to these concerns, the sample epochs are not equal.
The previous model has to be modified to use 14 state
model parameters to represent the averaging process in the
observation equation. Observations at the same epoch can
be used when they are both available, equation (4) becomes

o
Z(i-3)

1 l 1
AN Ziit” ) )
) 0 b\ | [0

ngiz

where /7 is the identity matrix.
3.2.2. Estimator of the Parameter Variances

[41] In the case of an asymptotic normal distribution for
the ML estimator, the covariance matrix of the parameters
can be estimated analytically. It is the opposite of the
inverse of the Hessian matrix of the log likelihood function
computed at the point of the maximum. For example, this
estimator has been used by Zhang et al. [1997] to estimate
the variance of their ML estimator of the random walk and
white noise variances which were assumed to model the
noise in GPS position time series. Conversely, Langbein
and Johnson [1997] have proposed a method which relies
on a Mont¢ Carlo simulation to compute error bars. In the
following, we check if the Hessian matrix can be used to
compute the estimate covariance matrix in our specific
application.

[42] To do so, simulated data must first be generated and
used as input to our estimator to compute a scatter of the
estimated parameters around the simulated values. Empiri-
cal mean square errors (MSE) are compared to the second
derivative mean values in Tables 3 and 4 for 1000 simu-
lations of 350 points without gaps. The variance estimates
provide similar results. When comparing VLBI and GPS the
innovation variance of VLBI is better determined than in
GPS because the VLBI daily motion is directly observed.
Conversely, the variance factor of GPS measurement noise
is better determined. Indeed, it is easier to distinguish the
measurement noise from the state dynamics, which are
averaged in the case of the GPS model.

[43] As the MSE computation is time consuming, the
second derivative evaluation to compute uncertainties for
estimated parameters is retained.

4. Results
4.1. Spectral Content

[44] All stations having more than 150 estimated posi-
tions are analyzed to search for up to 10 significant
frequencies, each with signal-to-noise ratio (SNR) higher

Table 4. Results of the Tests of the ML Estimator on Synthetic GPS and SLR Time Series®

OsLR, MM d'" Jgps, MM d'"” P CTSLRO g GPSO
Simulated parameters 0.600 0.600 0.300 1.000 1.000
Mean of estimated parameters 0.597 0.595 0.289 0.999 1.001
Square root of mean variances 0.073 0.073 0.156 0.042 0.042
Square root of the MSE 0.072 0.073 0.157 0.042 0.043

“There are 350 points per technique; 1000 simulations.
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than 3.5. As the frequencies are estimated in a nonlinear
least squares adjustment, the uncertainties on the frequency
locations can be computed as well as the uncertainties for
the amplitudes and phases. The precision of the frequency
location is mainly related to the presence of noise in the data
and to the number of data samples. Assuming normal
background decorrelated noise and given our data span,
we estimate the precision of the annual frequency location
to be on the order of 1072 cpy for SLR data and better than
102 cpy for VLBI and GPS. The width of the detected
spectral lines in the frequency domain cannot be thinner
than 0.106, 0.092, and 0.052 cpy for GPS, SLR, and VLBI,
respectively, which give an order of magnitude of the
maximum spectral resolution.

[45] The assessment of the detected frequencies is pre-
sented as histograms of the proportion of stations for which
detected frequencies in a given frequency bin exist. The
spectral bins are chosen to be constant in the logarithmic
scale such that the logarithm of the ratio of two consecutive
bin frequencies is equal to 0.1 (see Figures 2a, 2¢, and 2d).
It should be noted that only stations providing data lengths
longer than 2 times the period of the spectral line are
counted in the bins of these histograms.

[46] The GPS power spectrum has already been exten-
sively analyzed during the last decade. It contains a flicker
noise background spectrum and white noise [Zhang et al.,
1997; Mao et al., 1999; Williams et al., 2004; Le Bail et al.,
2007]. Annual and semiannual frequencies have also been
widely detected [Mao et al., 1999; Blewitt and Lavallée,
2000; Dong et al., 2002]. Blewitt and Lavallée [2002] have
also reported other annual frequency harmonics. Using
ITRF2005 IGS residuals, Ray et al. [2007] have investigat-
ed these harmonics accurately. They have shown that these
frequencies were not exactly located at integer values either
on vertical or horizontal components. A model of harmonics
of the 1.04 cpy frequency fits their locations very well. The
authors have suggested that these could be systematic errors
related to the GPS satellite orbits combined with the
geometry of the measurements. Figure 2a shows the results
of our study. The proportion of significant spectral lines in
every frequency band with SNR higher than 3.5 is pre-
sented. This analysis reveals that 71% of GPS station height
residual time series have a significant signal at a frequency
located between 0.95—1.05 cpy with SNR higher than 3.5.
This annual frequency comes with a semiannual frequency,
and frequencies at the previously mentioned harmonics.
This study gives median frequencies of 3.09 cpy and
4.14 cycles per year with scatters of 0.09 cpy for these
two frequencies (see Figure 2b). These are consistent with
the values 3.12 and 4.16 cpy suggested by Ray et al. [2007].
It confirms that these harmonics are detectable in the
individual time series. The annual and semiannual as well
as 3.09 and 4.14 cpy signals have been estimated for every
height time series with a significant spectral line detected
around 4.14 cpy. Figure 3a shows the distribution of the
4.14 cpy spectral line using the convention of Dong et al.
[2002] for the representation: the norms of the vectors
indicate the signal amplitudes whereas their orientations
give the phases. For most stations, the amplitude of the
signal is less than 2 mm for these two frequencies. The
stations having the most powerful signals at 4.14 cpy are
located at high latitude and notably in North America. The
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amplitude reaches 4.6 + 0.5 mm at the GPS Alert station in
northeastern Canada with SNR up to 10. Moreover, it is
noteworthy that some areas of the world like North Amer-
ica, western Europe and the Persian Gulf exhibit a clear
spatial correlation of this signal. These harmonics are also
detectable in the horizontal position time series with less
than half a millimeter of amplitude on average.

[47] The VLBI histogram in Figure 2¢ has been built with
20 stations. The ITRF2005 VLBI residual height time series
contain mainly white noise [Ray et al, 2007], but with
higher level than GPS. As a consequence, the SNR is much
lower than for GPS. Only the annual frequency seems to be
largely detected in the analyzed set. We can also notice a
few low frequencies, but it represents one or two stations in
each lower bin. Half of the analyzed time series have
significant power (SNR >3.5) between 0.95-1.05 cpy.
Some few frequencies have been detected at higher location,
but we interpret them as noise. No other frequency than the
annual has been largely detected in the horizontal compo-
nent as well. We notice that the semiannual signature
reported by Titov and Yakovieva [1999] and Petrov and
Ma [2003] has not been detected here. Tesmer et al. [2007]
have, however, reported a semiannual signal in the VLBI
scale as well as annual. This signal has been shown to be
robust whatever the mapping function used to model the
tropospheric delay. We detect annual and semiannual sig-
nals as well in the IVS solution scale at the level of 2.9 +
0.1 mm and 1.2 + 0.1 mm, respectively, for these two
frequencies. We have computed these values using data
after 1993.0 because the number of stations has increased
since that time [Zesmer et al., 2007]. Moreover, we think
that the network effect could add noise processes which
generally decrease the signal-to-noise ratio of the underly-
ing signals.

[48] The SLR power spectrum is more evenly dispersed.
Figure 2d has been obtained by analyzing 28 position time
series. There are several frequency intervals containing
significant spectral lines. The annual frequency is detected
in 8 time series in the interval 0.95—1.05 cpy. Semiannual
signals are detected in Riyadh, Arequipa, and Quincy time
series. Riyadh station is not collocated, and the last two time
series are not consistent with the colocated GPS data. We
detect other groups of frequencies for some stations. There
is a wide range of frequencies detected between 0.75 and
0.9 cpy, as well as some lower frequencies. The horizontal
power spectra contain, however, few significant spectral
lines as well, except the annual signature and some isolated
groups of frequencies representing few stations. There is
therefore no global signature at fixed frequencies in the
ILRS residuals.

[49] The GPS power spectrum contains important power
at low frequency. In fact, the power spectrum characteristics
depend on the area of the world. For example, Figure 2b
shows frequencies distribution in the global spectrum over
Europe compared to the full network. The 6th anomalous
harmonic is detectable in this area for a few stations.
European stations also contain more power between 0.33
and 0.36 cpy. A fit at 0.35 cpy in the height residuals time
series having more than 400 estimated positions reveals in
phase signal over central Europe up to 2 mm. This result
reveals possible spatially correlated low-frequency signals
in the GPS data. This type of signal is usually analyzed as
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being part of a flicker noise background spectrum and is
analyzed in term of variance level. Such analysis shows that
the phase is worth studying. Nevertheless, such results need
to be analyzed with caution because IGS data have not been
computed homogeneously over time. Such low-frequency
signals would be worth studying with reprocessed GPS time
series such as the ones computed at the Technical Univer-
sities of Munich and Dresden [Steigenberger et al., 2006].

4.2. Annual Spectral Line

[50] The annual signal of ITRF2005 height residuals is
carefully studied as it is the only common spectral feature of
the three observing techniques. An annual signal, as well as
a constant, have been fitted by weighted least squares for
each colocated site height residual time series with more
than 150 points and for all GPS stations with a significant
annual frequency (SNR >3.5). We consequently assume
here that the annual amplitude of the signal, as well as its
phase are constant with time. A semiannual signal has been
fitted simultaneously for GPS stations. The order of mag-
nitude of the GPS annual amplitudes is less than 1 cm, the
maximum being found at the Brazilia GPS station (BRAZ).
The median value lies around 3—4 mm. Figure 3b shows the
distribution of the estimated annual GPS signals using the
conventions of Dong et al. [2002] for the representation.
Thus a vector pointing directly north describes an annual
motion having a maximum in January or a vector pointing
east describes an annual motion with its maximum in April.
Figure 3b shows all stations having a significant annual
signal detected with the previous method. It exhibits clear
regional correlations in Australia, South Africa, western
Europe and North America.

[s1] Figure 4 displays the annual signals estimated for all
colocated techniques. The significant annual signals for all
other GPS stations are also shown. The annual signals
measured by the three techniques are in agreement at a
few colocated sites. The list of these sites is given in Table 5
together with their annual signal estimates. A few sites
exhibit impressive agreement both in amplitude and phase,
such as the Yarragadee, Canberra, Hobart and Hartebees-
thoek sites. This agreement is reinforced by the spatial
consistency of GPS annual signals fitted at the other
regional sites; see the map of Australia in Figure 4. What
can be clearly seen is that the three techniques reflect a
common spatially correlated signal. As the three techniques
are independent regarding their measurement principles,
this agreement may be interpreted as evidence of an
underlying geophysical signature. We consequently suggest
this area, as well as the south of Africa and eastern North
America for geodynamic investigation. The total contribu-
tion of the annual loading effects has been studied by
Mangiarotti et al. [2001]. Plates 1 to 3 of Mangiarotti et
al., 2001], which present annual amplitude and phases of
the total annual loading effect, can be compared to Figure 4.
The case of sites in Europe is also instructive. The GPS
annual signal in eastern Europe is spatially coherent. Matera
VLBI station (Italy) seems to follow the phase of the motion
and Potsdam SLR station (Germany) also although the
estimated signal is less well determined. However, Wettzell
(Germany) and Zimmerwald stations (Switzerland) do not
exhibit agreement at that frequency. van Dam et al. [2007]
have also compared IGS residual position time series after
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having corrected them for the effect of atmosphere and
ocean loads to their GRACE water loading displacement
model. The agreement was also very poor notably at the
coastal area.

[52] We observe for some residual time series, mainly
GPS, very close spectral lines located near the annual
frequency and its harmonics. Our interpretation of such
spectral line groups is a time-varying behavior by the
underlying periodic source. We have noticed that a sec-
ond-order polynomial representation of the amplitude and
phase of the annual signal approximates very well the
signal, for example, for the GPS station MONP height time
series.

4.3. Colocated Sites

4.3.1. Correlations

[53] Our method is illustrated using the results for Harte-
beesthoek (South Africa). The estimated correlation be-
tween VLBI and GPS height time series is 0.88 + 0.09
with comparable innovation variances, meaning that these
two signals are very consistent. The smoothed GPS and
VLBI daily height time series can be estimated with the help
of the Kalman filter equations [Gourieroux and Monfort,
1997], theorem 15.5. The plot of these signals is shown in
Figure 5a. The smoothed signals have comparable ampli-
tudes and are very similar due to the important value of the
correlation coefficient. The VLBI signal is much more
smoothed than the GPS signal because the uncertainties of
the original height time series are higher and moreover
rescaled by a factor of 1.4. Figure 5a illustrates that this
method can be used to interpolate a position time series in a
colocated site when data are missing. The SLR and
GPS signals for this site are also very consistent at the
level of 0.68 = 0.15 with comparable levels of variance (see
Table 6).

[s4] The results of site correlation estimates are computed
for pairs of time series with more than 200 estimated
positions in the common data period. The results are given
in Table 6 for GPS and VLBI, for GPS and SLR and for
VLBI and SLR comparisons, ordered by colocation site. We
have observed unbalanced solutions when the numbers of
data points of the two series are small or when the number
of data points are not of the same order. This is the case for
the Hobart comparison, see Table 7. The minimization
algorithm has converged to null VLBI innovation variance
for Tsukuba correlation estimation between VLBI and GPS
time series and between VLBI and SLR data at Matera. The
results of these comparisons have consequently been omit-
ted in Table 6, since in that case, the correlation coefficient
is not meaningful.

[s5] The first general comment concerns the estimation of
the measurement noise variance factors. The ratio between
the VLBI and GPS error bar factors lies mostly between 3
and 4 whereas it is around 4 to 7 for SLR and GPS time
series comparisons. The correlation study between VLBI
and SLR confirms these values since the ratio between SLR
and VLBI error bar factors is around 1.5. According to these
values, ILRS and IVS standard deviations are optimistic but
the network effect may add scatter in the height time series
as seen in section 2.3. Our method seems to underevaluate
the GPS variance factor. This is in fact an expected result
because, compared to SLR and VLBI, the GPS background
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Figure 4. Vertical annual motions estimated for colocated GPS (red), VLBI (green), and SLR (blue)
stations. Gray arrows represent the vertical annual motions for noncolocated GPS stations having SNR
greater than 3.5. See Figure 3 for the plot conventions.

power spectrum is dominated by correlated noise processes.  correlation coefficients between GPS and VLBI lie between
The measurement noise is assumed to be uncorrelated in our 0.5 and 0.9 with reasonable error bar values. Although
hypothesis; therefore the correlated part of the measurement ~ VLBI state variances are always lower than GPS variances,
noise is consequently absorbed in the GPS state height. The probably because of GPS correlated measurement noise, the
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Table 5. Nearly Consistent Annual Signals at Colocation Sites®

Site Station  Technique  Amplitude, mm  Phase, deg
Matera MATE GPS 1.5+0.2 205 +7
7243 VLBI 22+05 205 + 12
Potsdam POTS GPS 2.1+£0.2 222+ 6
7836 SLR 1.4+0.6 212 +23
Shanghai SHAO GPS 48 +04 183 +£5
7227 VLBI 4.0+ 1.1 160 + 18
7837 SLR 45+12 154 £ 14
Hartebeesthoek ~ HRAO GPS 3.1+£03 339+ 6
7232 VLBI 45+0.8 354+ 9
7501 SLR 2.7+0.7 349 + 14
Algonquin ALGO GPS 22+03 228 +7
7282 VLBI 25+04 246 + 10
Fairbanks FAIR GPS 24+04 13+9
7225 VLBI 0.8+0.2 14 +12
Quincy QUIN GPS 35+£0.5 252+ 8
7109 SLR 33+0.6 266 + 11
Westford WES2 GPS 1.4+£0.2 221 + 10
7209 VLBI 1.1+£0.2 240 £ 11
Concepcion CONZ GPS 23+£05 86 £ 12
7640 VLBI 57+12 80 = 12
Canberra TIDB GPS 54+03 34+3
7843 SLR 72+1.0 43+ 8
Yarragadee YAR2 GPS 54+03 9+3
7090 SLR 58+04 19+4
Hobart HOB2 GPS 39+03 44 £ 5
7242 VLBI 3.8+ 1.1 46 + 18

“The amplitude 4 and the phase ¢ values are provided with the
convention 4 cos(w(t — 2000.0) — o).

innovation variances have comparable values with respect
to their error bars. These results reflect the good consistency
between GPS and VLBI heights at every colocated site with
sufficient data. Figure 5d also displays IVS and IGS residual
height time series as well as their smoothed values at Ny
Alesund. We observe some periods of time when these two
residual time series disagree.

[s6] The SLR results are more disparate. SLR height
standard deviations need to be rescaled by an average factor
of 2. We notice that some sites have heterogeneous levels of
variances for the GPS and SLR innovation processes.
Figure 5c¢ shows, for example, ILRS and IGS height
residual time series at Wettzell (Europe) where this config-
uration is encountered. The consistency is achieved when
these quantities are of the same order of magnitude with
reasonable values of the correlation coefficient like at
Hartebeesthoek, Potsdam, Arequipa, or Yarragadee (see
Figure 5b).

[57] Unfortunately, the comparison of SLR and VLBI
data is only possible for two colocated sites (see Table 6)
because of a lack of common data. Contrary to Wettzell,
Hartebeesthoek shows close agreement between VLBI and
SLR. This colocated site exhibits consistent residual height
time series for all three techniques whatever the time series
being compared.

4.3.2. Interannual and Intra-annual Variations

[s8] We focus in this part on the interannual variations by
first assessing the extent to which the correlation coeffi-
cients in section 4.3.1 can be attributed to the annual
signals. To answer this question, colocated sites with
consistent detected annual signals are studied. A common
annual signal is first fitted at every colocated site using
VLBI, GPS and SLR data where at least a couple of fitted
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annual signals are consistent. These data are weighted in the
estimation process with the variance factor values estimated
by MLE (see Table 6). As previously mentioned, the GPS
variance factors from Table 6 are lower than those of the
other techniques. The GPS signal will consequently domi-
nate the estimated annual term. The combined annual values
are given in Table 7. At each of these sites, the estimated
signal is removed from the input data and a new correlation
coefficient is estimated with the previous method for couple
of time series having more than 200 points in their common
data period. Results are shown in Table 7.

[59] The measurement noise standard deviation factors of
all sites stay unchanged compared to Table 6. The innova-
tion variances and correlation coefficients slightly decrease
for most of the sites but do not decrease as much as we
might have expected. The reason is that the time series
scatter do not decrease so much when an annual wave is
removed. Indeed, a single wave is not sufficient to represent
the annual pattern being repeated in the time series, these
being subject to significant interannual variations. Thus, for
most of these sites, the annual signal spectral line is not the
only one responsible for the consistency observed, notably
between GPS and VLBI time series. The SLR and GPS time
series comparison in Yarragadee demonstrates that SLR and
GPS in this site have mainly a consistent annual signal and
probably not more. Once removed, the correlation obtained,
for equal state variances, is no longer significant.

5. Conclusion

[60] For the first time, combined input TRF time series of
independent techniques have been analyzed homogeneously
for the ITRF2005 computation. It is therefore a great
opportunity to assess the agreement between the VLBI,
GPS and SLR time series of positions. The key feature of
such comparisons relies on colocated sites where instru-
ments of different techniques operate close to each other.

[61] The residual height time series from a rigorous
stacking have been compared using spectral and correlation
analysis. However, the procedure used to estimate station
stacked coordinates does not prevent aliasing which can
occur between station individual motion and Helmert
parameters that need to be estimated to remove global
translation motions and biases. We have evaluated the
network effect at the level of 1 mm for the IGS network.
This value remains, however, somewhat questionable since
it assumes that a well-distributed network does not suffer
from the network effect. Thanks to simulations realized
using ILRS and IVS colocated IGS stations, we have also
evaluated the network effect at the level of 2 mm for height
SLR time series and 3 mm for VLBI height time series. As
previously mentioned by Dong et al. [1998] and Lavallée et
al. [2006] and as checked here, the estimation of a scale
parameter changes the residual time series quite significantly.
It seems, however, that the introduction of this parameter
affects quite similarly the residual height time series at the
annual frequency. These values give an order of magnitude
of the network effect but should be refined with more
complex simulations using fully synthetic data integrating
all stations with realistic synthetic noise processes. Al-
though estimating the scale will still be useful to monitor
the monotechnique frame stability, further studies need to be
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Figure 5. Height residual time series at four colocated sites (a) Hartebeesthoek, 7232 (VLBI) and
HRAO (GPS); (b) Yarragadee: 7090 (SLR) and YAR2 (GPS); (c) Wettzell, 8834 (SLR) and WTZR
(GPS); (d) Ny Alesund, 7331 (VLBI) and NYA1 (GPS). IGS, IVS, and ILRS height residual time
series are plotted in magenta, light green, and cyan, respectively. Smoothed curves produced with
estimated parameters of Table 6 are plotted over in solid red for GPS, dark green for VLBI, and solid blue

for SLR.

made to analyze the utility of estimating the scale parameter
in the stacking procedure for future realizations of the ITRS.

[2] We have developed a method of time series compar-
ison, which solves in first approximation the sampling
problem of the time series from VLBI and GPS or SLR.
This method also takes into account the heterogeneity of the
position quality using the formal errors provided with the
technique residuals. The correlation coefficients are esti-
mated at colocated sites and produce reasonable agreement
in a number of cases. GPS and VLBI agree quite well for
almost every site with sufficient data whereas good results
are obtained for only a few SLR and GPS sites. According
to our method, the Hartebeesthoek site has been demon-
strated to exhibit agreement for the three techniques height
time series.

[63] The spectral content of VLBI, GPS and SLR height
residuals has also been investigated using the FAMOUS
software [Mignard, 2005]. The annual spectral line has been
detected in most height time series of all three techniques.
The GPS annual signal is regionally correlated over some
continental areas. Regarding the three techniques, this
spatial correlation is confirmed for some areas like Aus-
tralia, South Africa and eastern North America. As a

consequence, we suggest these areas for geodynamical
investigation and model comparisons. No significant spec-
tral lines at the semiannual signal in agreement with IGS
height residuals have been found in IVS and ILRS height
time series. IGS height time series also exhibit several
spectral lines, close to the annual harmonics, notably around
3.09 and 4.14 cpy. The amplitude of these signals is
typically less than 2 mm on the vertical. This study confirms
the results of Ray et al. [2007] about anomalous harmonics
present in the GPS position stacked periodograms.

[64] Some improvements in data modeling have been
done during the ITRF2005 computation and validation
period in the analysis of the three techniques observables.
New mapping functions have been developed such as
Vienna mapping function (VMF) and Vienna mapping
function 1 (VMF1), which are shown to fit the VLBI data
better than the Niell mapping functions [Boehm et al.,
2006b]. The use of VMF reveals some bias in the height
components compared to NMF, mostly used for ITRF2005,
and modifies the annual signal in heights [Boehm et al.,
2006b; Tesmer et al., 2006]. Some studies have been made
with GPS using the global mapping function (GMF)
[Boehm et al., 2006a], which has been fitted to the VMF.

15 of 18



B12403

COLLILIEUX ET AL.: ITRF2005 HEIGHT RESIDUAL ANALYSIS

B12403

Table 6. Innovation Standard Deviations o,,,; and o,,,,, Correlations p, and Error Bar Scaling Factors o, and o, Estimated for Pairs of

Time Series®

Time Series

Estimated Parameters

Site Station1 Station2 Type 0,1 MM O,y MM p 001 00
Algonquin 7282 (516) ALGO (507) RPP 0.61 +£0.10 0.68 £ 0.07 0.89 £ 0.07 1.21 £0.04 0.62 £ 0.03
Arequipa 7403 (255) AREQ (340) LP°¢ 0.75 £ 0.12 0.98 +0.10 0.28 £ 0.19 223 +£0.12 0.37 £ 0.03
Borowiec 7811 (335) BOR1 (508) LP 1.49 £ 0.26 0.74 £ 0.09 0.58 £ 0.14 3.26+0.17 0.35 £ 0.02
Fairbanks 7225 (745) FAIR (455) RP 0.51 £0.12 0.78 £ 0.09 0.54 £0.16 1.65 £ 0.05 0.66 £ 0.03
Fort Davis 7080 (474) MDOI1 (512) LP 0.91 +£0.10 0.78 = 0.07 0.20 £ 0.14 2.12 £ 0.09 0.36 + 0.02
Grasse 7845 (263) GRAS (325) LP 1.19 £0.22 0.55 + 0.08 —0.54 £ 0.19 2.44 £0.18 0.23 £ 0.02

7835 (365) GRAS (439) LP 1.05 +£0.17 0.70 £ 0.09 —0.07 £ 0.20 2.69 £0.15 0.19 £ 0.02
Hartebeesthoek 7232 (386) HRAO (413) RP 0.56 £ 0.13 0.79 + 0.07 0.89 £ 0.09 1.19 £ 0.04 0.38 £ 0.02
7501 (225) HRAO (277) LP 0.75 £ 0.14 0.66 + 0.08 0.67 £ 0.14 2.92 +£0.17 0.40 + 0.03
7232 (244) 7501 (225) RLY 0.55+0.18 0.76 £ 0.15 0.80 £ 0.14 1.22 £ 0.06 2.89 £0.17
Herstmonceux 7840 (498) HERS (298) LP 0.26 + 0.33 0.67 + 0.08 0.47 £ 0.65 3.31 £0.32 0.27 £ 0.02
Hobart 7242 (201) HOB2 (475) RP 0.38 £ 0.18 0.64 £ 0.05 0.97 £ 0.06 1.15 £ 0.06 0.45 £ 0.02
Kauai 7298 (841) KOKB (495) RP 0.51 £ 0.08 1.01 £ 0.08 0.54 £ 0.15 1.49 £ 0.04 0.51 £ 0.03
Matera 7243 (326) MATE (503) RP 0.44 +£0.10 0.55 £ 0.05 0.84 £ 0.13 1.48 £ 0.06 0.33 £ 0.02
Monument Peak 7110 (455) MONP (479) LP 0.65 + 0.09 0.99 £ 0.08 —0.09 +0.14 2.90 £0.12 0.17 £0.01
Ny-Alesund 7331 (503) NYALI (394) RP 0.78 £ 0.15 1.03 £ 0.10 0.68 = 0.13 1.78 £ 0.07 0.39 + 0.03
7331 (597) NYAL (486) RP 0.66 + 0.13 1.32 £ 0.11 0.55 +0.14 1.79 £ 0.11 0.30 + 0.02
Potsdam 7836 (346) POTS (428) LP 0.76 £ 0.13 0.66 £ 0.08 0.30 £0.22 2.01 £0.10 0.44 £ 0.03
San Fernando 7824 (239) SFER (341) LP 3.75 £ 0.49 0.58 = 0.06 0.35 £ 0.17 293 +£0.20 0.29 + 0.02
Shanghai 7837 (283) SHAO (332) LP 1.54 £0.29 0.96 + 0.09 0.08 + 0.20 3.27 £0.20 0.32 £ 0.02
Washington 7105 (473) GODE (509) LP 142020  0.80=0.10 0.52 +0.13 239+017 031 +0.02
7105 (405) USNO (439) LP 1.53 £0.22 0.66 + 0.08 0.53 £0.13 241 £0.19 0.42 £ 0.03
Westford 7209 (528) WES2 (498) RP 0.40 + 0.09 0.54 + 0.06 0.61 £0.16 1.67 £ 0.06 0.41 +0.02
Wettzell 7224 (964) WTZR (503) RP 0.37 £0.10 0.48 £ 0.05 0.81 £ 0.09 1.60 £ 0.04 0.53 £0.03
8834 (417) WTZR (500) LP 1.19 £ 0.15 0.42 £ 0.05 0.11 £0.17 2.97 £0.15 0.54 £ 0.03
7224 (1253) 8834 (560) RL 0.17 £ 0.06 1.35+£0.16 0.13 £0.37 1.60 £ 0.03 3.05+0.13
Yarragadee 7090 (498) YAR2 (497) LP 0.92 + 0.09 0.84 + 0.06 0.46 = 0.10 3.37 £0.15 0.38 = 0.02
Zimmerwald 7810 (355) ZIMM (439) LP 0.95+0.14 0.48 + 0.05 —0.18 £ 0.17 2.92 +£0.15 0.28 + 0.02
See equations (3) and (5). The number of estimated positions considered for each station is indicated between brackets.
"VLBI-GPS.
°SLR-GPS.
YVLBI-SLR.

The same conclusions have been addressed by Boehm et al.
[2005], although that study tested only 1 year of data. The
elevation cutoff angle used by the authors was, however,
smaller than the one currently used by the IGS ACs. The
use of global pressure and temperature models to compute a
priori zenith delays has been shown to reduce spurious
annual signals in the GPS analysis as demonstrated by
Tregoning and Herring [2006]. Similarly, SLR analyses

will benefit from improved zenith delays with the M-P
model [Mendes and Pavlis, 2004]. Hulley and Pavlis [2007]
also give some perspectives for improving SLR analysis
using horizontal refractivity gradients computed from ex-
ternal data sets to model the tropospheric delay. A study led
by Wresnik et al. [2007] has shown new perspectives in the
modeling of the thermal deformation of the VLBI tele-
scopes. These results are encouraging for the modeling of

Table 7. Innovation Standard Deviations o,,,; and o,,,,, Correlations p, and Error Bar Scaling Factors oy, and o, Estimated for Pairs of

Time Series After a Common Annual Signal Has Been Removed®

Time Series Annual Signal Estimated Parameters
Site Station 1 Station 2 Type A mm ¢ deg Oypp1 MM O,y MM p 001 002
Algonquin 7282 (516) ALGO (507) RP® 21402 230+£5 050+£0.11 0.65+0.07 0.87 + 0.08 1.22 £0.05 0.62 = 0.04
Fairbanks 7225 (745) FAIR (455) RP 1.6 £0.2 155 0.40 +£0.10 0.72 £0.08 0.42 +0.21 1.67 £ 0.05 0.67 +0.03
Hartebe- 7232 (386) HRAO (413) RP 30+£02 340+4 035+0.13 0.75+0.07 0.75 + 0.24 1.19 £ 0.05 0.38 £0.02
esthoek 7501 (225) HRAO (277) LP¢ 0.61 £0.15 0.59 = 0.09 0.53 +£0.20 294 +£0.18 0.41 +0.03
Hobart 7242 (201)  HOB2 (475) RP 40+02 45+3 0.05+0.12 0.52+0.05 0.60 + 1.88 1.13+£0.06 0.44 +£0.02
Matera 7243 (326) MATE (503) RP 1.9+02 198+5 031+0.11 0.49 +0.05 0.72 £ 0.23 1.48 £0.06 0.33 £0.02
Potsdam 7836 (346)  POTS (429) LP 20+£02 2207 0.71+0.12 0.63 £ 0.08 0.16 £ 0.25 2.03+£0.10 0.45+0.03
Shanghai 7837 (283)  SHAO (332) LP 45+04 181 +5 1.44+028 0.84+0.09 —0.13+£0.23 3.31+020 0.33+0.02
Westford 7209 (528)  WES2 (498) RP 13+£02 2286 0.35+0.10 0.51+0.06 0.58 £ 0.18 1.68 £0.06 0.42 +0.02
Yarragadee 7090 (498)  YAR2 (497) LP 55402 13+2  0.69+0.10 0.72 +0.06 0.23 +0.14 349 +£0.15 0.39 £0.02

“The amplitude and phase of the annual term are provided with respect to the model 4 cos(w(z — 2000.0) — ¢). The number of estimated positions

considered for each station is indicated between brackets.
®VLBI-GPS.
°SLR-GPS.
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this effect at the observational level if their generalization is
possible. It will be valuable for future work to study
homogencously processed GPS position time series
[Steigenberger et al., 2006]. The analysis and interpretation
of low-frequency signals would be worth doing.

[6s] We may consequently expect the agreement to
become better in the near future when the data of the three
techniques will have been homogeneously reprocessed
using new models.
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