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Abstract Although GNSS techniques are theoretically
sensitive to the Earth center of mass, it is often prefer-
able to remove intrinsic origin and scale information
since they are known to be affected by systematic er-
rors. This is usually done by estimating the parame-
ters of a linearized similarity transformation which re-
lates the quasi-instantaneous frames to a secular frame
such as the International Terrestrial Reference Frame
(ITRF). It is well known that non-linear station mo-
tions, not-accounted for in the secular ITRF, can par-
tially alias into these parameters. We discuss in this
paper some procedures that may allow reducing these
aliasing effects in the case of the GNSS techniques,
mainly GPS. The options include the use of well dis-
tributed sub-networks for the frame transformation es-
timation, the use of site loading corrections, a modifica-
tion of the stochastic model by down-weighting heights,
or the joint estimation of the low degrees of the defor-
mation field. We confirm that the standard approach
consisting of estimating the transformation over the
whole network is particularly harmful for the loading
signals if the network is not well distributed. Down-
weighting the height component, using a uniform sub-
network, or estimating the deformation field perform
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similarly in drastically reducing the aliasing effect am-
plitude. The application of these methods to repro-
cessed GPS terrestrial frames permits an assessment
of the level of agreement between GPS and our loading
model, which is found to be about 1.5 mm in height
and 0.8 mm WRMS in the horizontal at the annual fre-
quency. Aliased loading signals are not the main source
of discrepancies between loading displacement models
and GPS position time series.

Keywords Loading effects - Terrestrial Reference
Frame - GNSS

1 Introduction

Global Navigation Satellite System (GNSS) techniques
are used to accurately monitor ground deformations,
from a few minutes to decades. The most accurate pro-
cessing strategies consist in processing GNSS data re-
ceived at a wide set of global stations simultaneously
using the most current and consistent models. All the
phenomena that affect the GNSS observables need to
be modeled, especially if their time scales of variation
are shorter than the sampling rate of the estimated pa-
rameters. This is the case for solid Earth tides, pole
tides, and ocean tidal loading effects which are well
modeled (McCarthy and Petit, 2004). Non-tidal load-
ing effects, which include the effect of the atmosphere,
ocean circulation, and hydrological loading are still un-
der investigation. Correlations have been noted with
space geodetic results, either from GNSS (van Dam
et al, 1994, 2001), Very Long Baseline Interferometry
(VLBI) (van Dam and Herring, 1994; Petrov and Boy,
2004), Satellite Laser Ranging (SLR) and Doppler Or-
bitography Integrated on Satellites (DORIS) (Mangia-
rotti et al, 2001), but non-tidal loading effects are not



yet recommended for operational GNSS data processing
(Ray et al., 2007; see http://www.bipm.org/utils/
en/events/iers/Conv_PP1.txt ). Comparisons with
space geodetic results are still needed to validate the
models and to develop optimal strategies to attenuate
systematic loading effects without introducing excessive
modelling errors.

GPS, SLR, VLBI and DORIS position time series
are expected to show similar variations if position time
series are computed in the same reference frame and if
the loading signatures are significant compared to mea-
surement errors. However, technique-specific systematic
errors limit the empirical correlations so far. For exam-
ple, GPS apparent geocenter motion is not in agree-
ment with expected values (Lavallée et al, 2006). A sim-
ple frame transformation is commonly used to remove
global biases that affect all the station positions. A tri-
dimensional similarity expresses station positions with
respect to an external reference frame, usually the In-
ternational Terrestrial Reference Frame (ITRF) or a re-
lated frame, by (where negligibly small non-linear terms
have been dropped):

XP(t) = T(t) + (1+ A1) - [X](to) + X7 - (t — to)]
+R(t) - [X](to) + X7 - (t — to)] + 0340 (1)

where X’ is the estimated position of station i at the
epoch t, X! and X,’, are its position and velocity in the
reference frame expressed at the epoch tg, &%, is the
noise term and 7', R and A are the transformation pa-
rameters, respectively, the translation vector, the anti-
symmetric rotation matrix and the scale factor at the
epoch t. This transformation is also the basis for the
minimum constraint equations that are sometimes used
to regularize, with minimum information, station coor-
dinates estimated with space geodetic techniques. In-
deed, orientation should normally be constrained for
all techniques, as well as the origin for VLBI.

It is known that applying such a transformation
affects non-linear variations of the estimated time se-
ries of GPS station coordinates (Blewitt and Lavallée,
2000; Tregoning and van Dam, 2005; Collilieux et al,
2009). Indeed, as the ITRF is a secular frame (Altamimi
et al, 2007), the station position seasonal variations
can partly alias into the transformation parameters.
This effect is not desired and can be problematic for
many applications: comparison with loading models, in-
version to estimate loading mass density distributions,
or comparison of space geodetic results from different
techniques. The aim of this paper is to quantitatively
describe this aliasing effect and to review and evalu-
ate procedures that could be used to reduce it. Section
two describes the synthetic data that are constructed

to evaluate various suggested procedures. Section three
assesses the results of the tests carried out on the syn-
thetic data to show the performances of the methods.
And finally section four applies the procedures to real
GPS solutions in order to compare GPS displacements
with loading models.

2 Strategy
2.1 Method to compute position time series

This section recalls the most general method that can
be used to compute position time series in an homoge-
neous reference frame from a set of daily/weekly solu-
tions.

Firstly, a secular reference frame is needed. It is rec-
ommended to recompute secular positions and veloci-
ties for every station or for a subset of reliable stations
from its own set of solutions. At this step, discontinu-
ities should be identified in the position time series and
modeled in the estimated secular frame X,.,(t). The
estimated long term coordinates should be referred to
the adopted secular reference frame, for example, the
ITRF, using stations showing the same discontinuity
list. This step is necessary to avoid possible errors in
the adopted secular frame or inconsistencies with the
input dataset which may affect transformed position
time series. Secondly, the transformation parameters
should be estimated between each daily /weekly solution
and the estimated secular coordinates of the epoch us-
ing equation (1). The next section will discuss different
strategies for this purpose. Finally, detrended residuals
dX(t) can be computed as follow:

dX'(t) = X'(t) = Xpop(t) =
[L() + (R(t) + A1) - I) - X§(2)] (2)

where X{(t) are approximated coordinates of station i
whereas trended residuals tX*(#) can be computed as
follow:

EXU(t) = X(t) — [T(1) + (R(H) + A1) - Is) - X5 (0] (3)

The first two steps can be merged into one single step as
done in the CATREF software (Altamimi et al, 2007).
However, less flexibility is allowed for the estimation
of the transformation parameters. We will specifically
discuss here the second step which consists in estimat-
ing transformation parameters. The differences between
the various methods will be highlighted using synthetic
data.



2.2 Synthetic data and tests

We have simulated GPS weekly station position sets as
follows

X'(t) = Xiitrf2008 (t)+(t_to)'Xiitrf2008+A§oad(t)+6i (t)
(4)

where X%(t) is the position vector of the station i at
epoch t, Al (t) is the loading displacement in the
Center of Figure (CF) frame and §'(t) is a spatially
correlated noise term. Station positions have been gen-
erated from 1998.0 to 2008.0, comprising 512 weeks.
The real GPS network of the Massachusetts Institute
of Technology (MIT) analysis center (MI1 reprocessed
solution), which is the most inclusive of all the repro-
cessed GPS solutions, has been adopted and station
positions have been simulated only when station pa-
rameters were available in their SINEX files. The full
network is composed of 748 stations with many stations
concentrated in North America and Europe. The vec-
tor of spatially correlated noise §(¢) has been simulated
from the full covariance matrices of the MI1 solutions.
The loading displacement model A} . (#) has been com-
puted as the sum of three loading displacement mod-
els. The first includes the effect of the atmosphere at
a 6-hour sampling rate according to the model of the
National Center for Environmental Prediction surface
pressure. The second is derived from the ECCO Ocean
Bottom Pressure model at a sampling rate of 12 hours
(JPL, 2008). The third predicts the hydrological effect
at monthly intervals (Rodell et al, 2004). These models
have been averaged or interpolated to weekly spacing
before being merged. They specifically show power at
the seasonal frequencies and especially the annual (Ray
et al, 2008).

2.3 Description of tests

Synthetic data sets computed from equation 4 have
been analyzed as if they were real data. We estimate
the transformation parameters between the position set
of week t and a secular reference frame expressed with
respect to ITRF2008 preliminary solution (Altamimi,
Z. and Collilieux, X. and Métivier, L., 2010). With real
data, estimated transformation parameters are non-zero
due to apparent geocenter motion (combination of Cen-
ter of Mass (CM) displacement with respect to CF
due to loads and systematic errors), conventional ori-
entation of the weekly frame, GPS scale dependency
with the satellite and ground antenna phase center off-
sets and variations, noise, and aliasing effects related to

loading. No frame error has been introduced in equa-
tion 4 to construct the synthetic data, which means
that estimated translation, rotation, and scale parame-
ters from synthetic solutions only reflect noise and alias-
ing terms. Figure 1 shows the transformation parame-
ters estimated from the synthetic data in the hereafter
called standard approach: all the transformation pa-
rameters are estimated with all available stations. Sig-
nificant aliased annual signals can be seen, especially in
the X and Z translation components, in the scale factor,
and also in the rotations. The extra noise variations in
2006 is related to the large variations of the variances of
some point positions at the time of an Earthquake; Sta-
tion SAMP (Indonesia) is the most affected. We have
checked that this extra-noise does not change the con-
clusions shown here.

The columns of Table 1 enumerate the strategies
that are tested here to reduce the aliasing error. In-
stead of using the whole set of available stations to es-
timate the transformation parameters, strategy subnet
consists in using a well distributed subset of stations to
compute the transformation parameters. Indeed, load-
ing effects are spatially correlated and extracting a sub-
set of stations is useful to avoid over-weighting those ar-
eas with a high station density, which accentuates the
aliasing effect. Stations of the sub-network are chosen
to have at least 80% of the full 11-year period covered
by data and a limited set of discontinuities with seg-
ments longer than 20%. We followed the approach sug-
gested by Collilieux et al (2007) to remove stations in
dense areas and ensure a globally uniform distribution.
However, we had to preserve some stations in poorly
covered areas that did not exactly match the above cri-
teria, specifically in the southern hemisphere.

It is also worth noting that the loading signals have
larger amplitude in the height than in the horizon-
tal components (Farrell, 1972). With respect to the 7-
parameter transformation, loading effects can be con-
sidered as biases since they are not modeled, and this
bias is more important in the vertical. As a conse-
quence, down-weighting the height measurements has
been suggested to reduce the aliasing effect (T. Her-
ring, personal communication, 2009). This approach is
already implemented in the Globk software (Herring,
2004). There are several ways to implement this down-
weighting. We tested two approaches. First, we chose to
use the inverse of the diagonal covariance matrix of the
solution to weight the transformation but we modified
the height formal error by a scaling factor. This ap-
proach is named hereafter downdiag. However, the off
diagonal terms of the covariance matrices contain sig-
nificant statistical information, which is important to
preserve. So we also implemented the down-weighting



of heights while preserving the correlation terms of the
covariance matrices following Guo et al (2010), called
downfull.

Another way to handle this problem is to change
the frame transformation model to include information
about the loading displacements:

Xit) =T(t) + (14 A1) - [X7(t) + Ajpaa(?)]
+R(t) - [X1() + Afoaa(D] + Oiar (5)

It allows accounting for the non-linear variations of the
reference frame. This approach is hereafter named load-
mod. It has been shown to be equivalent to correcting
daily /weekly station positions by the model prior to
estimating the transformation parameters (Collilieux
et al, 2010a).

Finally, we test the degree-1 deformation approach
suggested by Lavallée et al (2006), equation (A6-A7),
which consists in estimating the low degree spherical
harmonics of the load mass density that generates the
deformation field simultaneously with the transforma-
tion parameters, hereafter called loadest. Those authors
were however interested in the degree 1 terms of the
load surface density whereas we focus here on the trans-
formation parameters. Please note that there is an error
in equation (A7): (725 — 1) should be replaced with
1/(h£2 —1).

It is worth noting that in all these methods, the
frame scale factor, A, in equation 1 can be estimated or
not.

2.4 Evaluation of the alias error

The outputs of all the processing methods described
above are the transformation parameters. Once they are
computed, they can be incorporated into equation (2)
or (3) to compute the residuals of the station positions
for every station. When synthetic data are processed, it
is possible to quantify the effectiveness of all the meth-
ods by checking how close the estimated transforma-
tion parameters are to zero. As their effect on station
positions is different from one site to another, we also
compare the station position residuals to the loading
displacements that have been used to create the syn-
thetic data.

Note that the Weighted Root Mean Squares (WRMS)
of the differences for station positions are dominated by
noise. As a consequence, these statistics are not inter-
esting to evaluate the aliasing effects. As the loading
effects have a large signal at the annual frequency (see
Figure 1), we choose to evaluate each method on its
ability to properly recover the loading signal at the an-
nual frequency in the station position time series.

3 Evaluation of the methods
3.1 Scale

Not estimating the scale in the frame transformation
has been recommended by several authors (Tregoning
and van Dam, 2005; Lavallée et al, 2006). Indeed, as
can been noted in Figure 1, a large annual signal is ob-
served in the scale when it is estimated in the standard
approach. Figure 2a) shows, for every stations with suf-
ficient data (more than three years), the comparison
between the in phase and out of phase terms of the
annual signals estimated in the station position time
series residuals (computed by applying velocities and
transformation parameters only) and the annual sig-
nals estimated in the loading models used to generate
the data. The more closely the points are located on the
diagonal, the more satisfactory the transformation is. It
is interesting to note the systematic behavior of the an-
nual signal. Most of the terms are over-estimated using
the standard method, except the East component. As
could be expected the height component is the most af-
fected, especially the out of phase term which is biased
by about 1 mm. If the scale is not estimated, see Figure
2b), the picture is almost unchanged for the horizontal
components but the height annual signals are obviously
better recovered. Figure 3a-b) shows the aliased load-
ing signal in the translations and scale factors for these
two cases. The translation parameters are almost un-
changed when the scale factor is not estimated since the
GPS network covers almost the whole globe.

Collilieux et al (2010b) showed that the annual vari-
ations observed in the newly reprocessed GPS scale fac-
tor can be partly explained by our loading model but
not completely. However, the scale behavior is quite sta-
ble in time so that it is reasonable to estimate one con-
stant scale factor for the whole period of time. This
can be done in a one-step run if all the transformation
parameter time series are estimated simultaneously or
in a two-step approach by applying in a second step
the mean scale factor to the reference solution. A 6-
parameter transformation (no scale) can then be esti-
mated. Unfortunately, most of the methods presented
above cannot fully fix the problem of aliasing in the
scale factor. The method consisting in incorporating
the loading model in the transformation (loadmod) per-
forms nicely, see Figure 2c) and Figure 3c), but only if
the loading perfectly fits the GPS data (see section 4
for discussion). It is possible to reduce the annual sig-
nal in the scale when using a well distributed network
of stations for the frame transformation, as discussed
by Collilieux et al (2007). However, the performance of
the method is variable and depends strongly on the sub-



network. Indeed, we did not notice a reduction in the
annual scale amplitude when studying our MIT well
distributed sub-network either with synthetic or real
data. Only the estimation of the deformation field, as
already discussed by Lavallée et al (2006), seems to de-
crease significantly the scale factor annual signal (see
section 3.4) but does not nullify it.

As a consequence, we will discuss the following re-
sults in the case of a 6-parameter frame transformation.
The scale issue will be discussed further for strategy
loadest only.

3.2 Down-weighting height

Transformation parameters obtained with the standard
approach have been computed using the full covari-
ance matrix of the solutions. It is worth noting that
GPS height determinations are about 3 times less pre-
cise than the horizontals, which means that the height
component is naturally down-weighted in the standard
approach (oup & 3 - Tporth)-

Figure 2d-f) shows the results obtained when the
whole network of stations is used to compute the trans-
formation parameters while applying down-weighting
of the heights (no scale estimated here). The only dif-
ference with 2b) is the weighting. Three different down-
weighting strategies are shown. Height uncertainties were
multiplied by 1.5 (0yp & 5 0poren) 0r by 3.0 (04 = 10-
Onortr,) but the correlations were preserved, Figure 2d-
e). Correlations were cancelled in Figure 2f) (o, = 10-
Onortr)- It can be clearly noticed that down-weighting
height has a positive effect for the horizontal compo-
nents. When the height weight is slightly decreased, the
pattern of the annual is closed to the standard case
but the error has been significantly mitigated. Even
the height agreement is improved with estimated cor-
relations larger than 99% and mean deviations smaller
than 0.3 mm for the in phase and out of phase terms.
When the height weight decreases again (Figure 2e)),
the agreement gets better. Indeed, the translation pa-
rameter along the x and y axes become smaller, see Fig-
ure 3d-e). However, there is a difference depending on
whether the correlations are used or not in the weight-
ing. The recovered annual term in the North component
is different, compare Figure 2e) and Figure 2f), which
is related to the differences in the x- and z-translations,
see Figure 3e) and Figure 3f). The out of phase term
is generally under-estimated in the full-weighting case
whereas the in phase term is slightly over-estimated.
However, the error is reasonable for both methods when
synthetic data are studied. We also tried to decrease the
height weight even more but the general level of agree-

ment between the residuals and the true values did not
improve significantly.

3.3 Using a sub-network

Restricting the transformation to a subset of stations is
the most natural way to proceed. This is what is com-
monly done when some station coordinates that are
weakly determined are rejected from the transforma-
tion estimation (with a simple outlier rejection test).
Additionally, using a well distributed sub-network sig-
nificantly reduces the transformation parameter biases.
Our network is composed by 77 stations, selected fol-
lowing the criteria defined above. Figures 2g) and 3g)
show the performance of the method. The biggest bias
in the residual position time series is observed in the
in phase annual term of the north component and in
the out of phase term of the east component. The av-
erage error at the annual frequency is within 0.2 mm
WRMS for this term which shows that the approach is
reliable to mitigate aliasing effects. Aliased annual sig-
nals are reasonably small in the translation parameters
although signal along the z axis is still visible. When
the height was down-weighted conjointly by 1.5, the
aliasing errors have slightly decreased but only by 0.1
mm annual WRMS in the in phase terms of the annual
signal for the north and height components. For this
particular weighting, it performs better to use a sub-
set of stations than the full network. When the height
uncertainty is multiplied by 3.0, the effect of the down-
weighting tends to dominate which means that using
either the sub-network or the full network give similar
results.

3.4 Estimating the deformation field

We have seen above that using a loading model in the
transformation is effective. The main limitation is the
loading model accuracy and possible GPS systematic
errors but another limitation is the availability of the
loading model itself. Estimating the displacements caused
by the loading of the Earth’s crust is an alternative.
However, due to the spatial distribution of GPS sites,
it is only possible for the longest wavelengths of the
deformation field. Following Wu et al (2003), we only
estimated the load surface density coefficients up to the
degree five. We also paid attention to model the defor-
mation field in the CF frame, by adopting degree 1
load Love numbers in the CF (Blewitt, 2003), in order
to estimate a translation which relates ITRF origin to
GPS frame origin. Indeed, modeling the deformation
field in the Center of Network frame (Wu et al, 2002)



would have had no effect to reduce aliasing and model-
ing the deformation field in he CM would have removed
the geocenter motion contribution from the estimated
translation, which is not desired.

For comparison with the other approaches, we first
plotted the results when the scale was fixed to zero. Al-
though only low degrees are estimated, it can be noticed
on Figure 2h) and 3h), built with a truncation degree
equal to five, that the method is effective to reduce the
aliasing effect. It performs better than any other in the
horizontal and is as effective in the vertical. And here,
the full covariance matrix has been used with no mod-
ification of the stochastic model. The full network of
stations is also used, except those that have been iden-
tified as outliers in the least squares estimation process.

We also estimated the scale factor in the frame trans-
formation as a test. The aliasing effect depends on the
truncation degree of the spherical harmonic expansion
of the load density. We noticed using the synthetic data
that the scale factor annual signal amplitude becomes
smaller than 0.2 mm for degree three up to degree six.
Figure 3i) shows for example the estimated scale fac-
tor for a truncation degree of five. The variations of
scale, compared to Figure 3a) are drastically reduced
but inter-annual variations are not removed. We noted
a larger annual signal in the scale factor estimated from
real data with an amplitude of 0.6+0.1 mm for a trun-
cation degree equal to five. This is however much smaller
than the amplitude estimated in the standard approach
which is 1.6 mm. If the estimation of the scale is needed,
this approach is relevant but does not fully solve the
aliasing issue, especially at the inter-annual frequencies.

3.5 NNR-condition

We discussed above the 7-parameter transformation which

is used to constrain the frame origin, orientation, and
scale. However, GPS is theoretically sensitive to the ori-
gin and scale of the frame so that only the orientation
must be defined in principle. Constraining a normal ma-
trix with the standard minimum constraint approach is
equivalent to performing a non-weighted transforma-
tion between a conventionally oriented frame and the
output frame. As a consequence, this constraint should
affect the loading signal as well, but to a lesser extent
since only orientation is considered. We performed the
same computation as above but estimating only the ro-
tation parameters when using the full network of sta-
tions (standard) or a well distributed sub-network (sub-
net). Aliased loading effects in the rotation parameters
show repeatabilities smaller than 5.6 pas in any cases,
which is about 0.15 mm. However, the annual signal
amplitude in the X and Y component is divided by

about 2 to reach 2.3 and 3.8 pas respectively when
a sub-network is used. As a consequence, the impact
on the position time series is quite small. The worst
determined term is the in phase annual term in the
North component for both standard and subnet strate-
gies. While the correlation and WRMS of the in phase
North term with respect to the true values are 86%
and 0.2 mm for the standard case, it is however 96%
and 0.1 mm when a well distributed sub-network is se-
lected for the NNR condition. As a consequence, a well-
distributed network is required for applying the NNR-
condition and to recover annual signals in the horizontal
at the level of 0.1 mm WRMS.

4 Application to real data

We applied here the approaches described above to real
GPS position time series to see if the agreement be-
tween the GPS position time series and our loading
model is improved compared to the standard approach.
Figure 4 is similar to Figure 2, except that the annual
signal plotted in the y axis comes from the analysis
of the MI1 GPS data. The x axis still shows the an-
nual signal estimated in the loading model over the
same epochs of observations. Such a plot represents the
level of agreement between GPS products and the load-
ing model at the annual frequency, depending on the
approach adopted to define the frame origin, orienta-
tion and scale. Figure 4a) shows the standard approach
when the scale is estimated, as a reference. A clear bias
can be observed, especially for the out of phase terms in
the height, as seen with the synthetic data. As a con-
sequence, for all the results that are shown next, the
scale factor is not estimated. We also show on Figure
5a) the translations and scale factor estimated for the
standard approach. Figure 5b-f) shows the differences
between the estimated translations for alternative ap-
proaches and the standard approach.

Using the loading model in the transformation (load-
mod), cf. Figure 4b), does not show better agreement
between GPS and the loading model than any of the
other methods: using a sub-network for the frame trans-
formation (subnet), Figure 4c), down-weighting height
(downfull), Figure 4d-e) or estimating the deformation
field (loadest), Figure 4f). This shows that discrepancies
between GPS displacements and the loading models are
not related to the aliasing effects. It can be noticed on
Figure 5 that translation differences with the standard
approach reach about 1 mm at the annual frequency in
the x and z axes. As observed with synthetic data, the
agreement between the GPS North component annual
term and the loading model is better when the alias-
ing is reduced. The loadest approach seems to perform



slightly better than any of the other approaches. In-
deed, the WRMS of the differences of annual signals (in
phase and out of phase terms) and their correlations are
smaller in all the components except the out of phase
term in the North component. However, the fit with
the loading model is satisfactory for the three other ap-
proaches although caution should be addressed to in-
terpret the results of the downfull strategy. The North
annual out of phase terms recovered when the height
uncertainty is multiplied by three seem to be under-
evaluated compared to any other approaches, which is
not the case when the height uncertainty is multiplied
by 1.5. This was not so obvious for the synthetic data
although visible. We notice that this effect is related
to larger difference in the z translation annual signal,
see Figure 5e). As a consequence, using an uncertainty
scaling factor of 1.5 or using diagonal weight only is
preferred. We think it is always better not to affect the
stochastic model, which is why we favor using either a
well distributed network for the frame transformation
or estimating the low degree coefficients of the defor-
mation field simultaneously.

Lavallée et al (2006) suggested two approaches to
estimate the low degrees of the load surface density.
We adopted here the so-called degree-1 deformation ap-
proach since we wanted to remove the absorbed loading
signal in the translations while preserving the geocen-
ter motion in these parameters. The CM-approach con-
sists in modelling the deformation field in the CM frame
and estimating rotation parameters only since GPS is
theoretically sensitive to CM. The two approaches lead
to two distinct estimates of the deformation field. As
an illustration, Table 2 supplies the annual signals es-
timated in the geocenter motion time series computed
from the degree-1 coefficients. Differences may reach up
to 2.2 mm in the amplitudes and may exceed one month
in phase. Forward loading model from Collilieux et al
(2009) is supplied as a comparison but any of the two es-
timations really seem to fit better to the loading model.
However, the aliasing effect reduction using these two
distinct deformation fields is similar which validates the
degree-1 deformation field used for the purpose of alias-
ing mitigation in this study. We also reported in Table 2
the opposite of the translation estimated with degree-1
deformation approach. It can be observed that apparent
reprocessed GPS geocenter motion is still not reliable.

Thanks to the different tests we did, we are now
able to conclude about the level of agreement between
the GPS position time series and the loading model.
Indeed, we can reasonably exclude the aliasing effect
as being a major source of discrepancies. When look-
ing at figure 4f), the following general comments can
be formulated. The agreement of the annual signal in

the Height component is good in average since all the
points are located along the diagonal. The mean dis-
crepancy is 1.6 mm for the in phase term and 1.5 mm
for the out phase term. In the horizontal, the loading
model generally shows a smaller amplitude than the
GPS and the agreement for the in phase and out of
phase term of the annual signals is less than 0.8 for
both components. These results are encouraging but
discrepancies are still quite important. The horizontal
component signals of the GPS stations should be in-
vestigated further in the future studies, especially by
comparing GPS results with different loading models
and the results of the Gravity Recovery and Climate
Experiment (GRACE) to better understand the origin
of the discrepancies shown here.

5 Conclusion and recommendations

We reviewed the procedures that can be used to mod-
ify the origin, orientation, and scale of a time series of
GPS frames. We paid attention to discuss the trans-
formations which preserve the loading signals that are
inherently contained in the station coordinates. This is
especially important in order to interpret correctly the
non-linear variations in the station position time series.
We showed using synthetic data that the standard ap-
proach consisting in using the largest set of stations in
the frame transformation is not optimal whether the
scale is estimated or not. The scale parameter should
be definitively fixed to a constant value over time or
its seasonal variations fixed to zero. But a rigorous ap-
proach is possible only if all the frame time series are
analyzed in one unique estimation process. The bene-
fit of using an alternative approach is especially impor-
tant for the horizontal component annual signal. Down-
weighting height, restricting the station set to a well
distributed sub-network, or estimating the low degrees
of the load surface density all perform well. The well dis-
tributed network approach is the easiest to implement
whereas the height down-weighting may seem difficult
to comprehend due to the modification of the stochastic
model. A slight advantage is given to the third method
consisting in estimating the deformation field, which is
almost free of any systematic bias according to our sim-
ulations. Thanks to this study, we were able to conclude
that aliasing effect is not the main source of discrepancy
between GPS position time series and the loading mod-
els. Annual signals are shown to agree at the 1.5 mm
level in the height and the 0.8 mm level in the hori-
zontal. Further studies are needed to understand the
sources of the remaining inconsistencies.
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Fig. 2 Comparison of the annual signal estimated in the residuals of the frame transformation as defined in section 2.3 (y axis) applied
to synthetic data, and the annual signal estimated in the loading model that has been used to generate the synthetic data (x axis)
in millimeters. In phase term (COS) and out of phase term (SIN) are presented for the East, North and Height components from the
left to the right for the different strategies presented in section 2.2. a) standard, scale estimated; b) standard, scale not estimated; c)
loadmod, scale estimated; d) downfull height standard deviations multiplied by 1.5; e) downfull height standard deviations multiplied
by 3.0; f) downdiag height standard deviations multiplied by 3.0; g)subnet; h)loadest. Scale factors have not been estimated for d) to

h). Numbers inside the brackets for each plot are the correlation coefficient and the WRMS of the differences in millimeters.
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Fig. 3 Translations along the x, y and z axis in millimeters and scale factors in millimeters (ppb value multiplied by 6.4) estimated
from synthetic weekly frames and the secular frame. A different strategy has been used for each row. See the legend of Figure 2 for
rows a) to h). Strategy used for row i) is identical to row h) except that the scale factor has been also estimated.

Table 1 Strategies used in this study to estimate the transformation between a weekly/daily frame and a secular frame.

Options standard subnet downfull downdiag loadmod loadest
. All Well distributed All All All All
Stations used
Sub-network
Weicht matrix Full Full Full, Diagonal, Full Full
& Height down-weighted  Height down-weighted
Loading Corrections No No No No Yes No
load density parameters No No No No No Up to degree 5
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Fig. 4 Comparison of the annual signal estimated in the residuals of the frame transformation as defined in section 2.3 (y axis) applied

to real data, and the annual signal estimated in the loading model (x axis

standard, scale estimated; b) loadmod; c)

in millimeters. a)

)

subnet; d) downfull height standard deviations multiplied by 1.5; ) downfull height standard deviations multiplied by 3.0; f) loadest.

Scale factors have not been estimated for b) to f). Same legend as figure 2.
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