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t Although GNSS te
hniques are theoreti
allysensitive to the Earth 
enter of mass, it is often prefer-able to remove intrinsi
 origin and s
ale informationsin
e they are known to be a�e
ted by systemati
 er-rors. This is usually done by estimating the parame-ters of a linearized similarity transformation whi
h re-lates the quasi-instantaneous frames to a se
ular framesu
h as the International Terrestrial Referen
e Frame(ITRF). It is well known that non-linear station mo-tions, not-a

ounted for in the se
ular ITRF, 
an par-tially alias into these parameters. We dis
uss in thispaper some pro
edures that may allow redu
ing thesealiasing e�e
ts in the 
ase of the GNSS te
hniques,mainly GPS. The options in
lude the use of well dis-tributed sub-networks for the frame transformation es-timation, the use of site loading 
orre
tions, a modi�
a-tion of the sto
hasti
 model by down-weighting heights,or the joint estimation of the low degrees of the defor-mation �eld. We 
on�rm that the standard approa
h
onsisting of estimating the transformation over thewhole network is parti
ularly harmful for the loadingsignals if the network is not well distributed. Down-weighting the height 
omponent, using a uniform sub-network, or estimating the deformation �eld performX. Collilieux, Z. Altamimi, L. M�etivierIGN/LAREG et GRGS, 6-8 av. Blaise Pas
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similarly in drasti
ally redu
ing the aliasing e�e
t am-plitude. The appli
ation of these methods to repro-
essed GPS terrestrial frames permits an assessmentof the level of agreement between GPS and our loadingmodel, whi
h is found to be about 1:5 mm in heightand 0:8 mm WRMS in the horizontal at the annual fre-quen
y. Aliased loading signals are not the main sour
eof dis
repan
ies between loading displa
ement modelsand GPS position time series.Keywords Loading e�e
ts � Terrestrial Referen
eFrame � GNSS1 Introdu
tionGlobal Navigation Satellite System (GNSS) te
hniquesare used to a

urately monitor ground deformations,from a few minutes to de
ades. The most a

urate pro-
essing strategies 
onsist in pro
essing GNSS data re-
eived at a wide set of global stations simultaneouslyusing the most 
urrent and 
onsistent models. All thephenomena that a�e
t the GNSS observables need tobe modeled, espe
ially if their time s
ales of variationare shorter than the sampling rate of the estimated pa-rameters. This is the 
ase for solid Earth tides, poletides, and o
ean tidal loading e�e
ts whi
h are wellmodeled (M
Carthy and Petit, 2004). Non-tidal load-ing e�e
ts, whi
h in
lude the e�e
t of the atmosphere,o
ean 
ir
ulation, and hydrologi
al loading are still un-der investigation. Correlations have been noted withspa
e geodeti
 results, either from GNSS (van Damet 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 e�e
ts are not



2yet re
ommended for operational GNSS data pro
essing(Ray et al., 2007; see http://www.bipm.org/utils/en/events/iers/Conv_PP1.txt ). Comparisons withspa
e geodeti
 results are still needed to validate themodels and to develop optimal strategies to attenuatesystemati
 loading e�e
ts without introdu
ing ex
essivemodelling errors.GPS, SLR, VLBI and DORIS position time seriesare expe
ted to show similar variations if position timeseries are 
omputed in the same referen
e frame and ifthe loading signatures are signi�
ant 
ompared to mea-surement errors. However, te
hnique-spe
i�
 systemati
errors limit the empiri
al 
orrelations so far. For exam-ple, GPS apparent geo
enter motion is not in agree-ment with expe
ted values (Lavall�ee et al, 2006). A sim-ple frame transformation is 
ommonly used to removeglobal biases that a�e
t all the station positions. A tri-dimensional similarity expresses station positions withrespe
t to an external referen
e frame, usually the In-ternational Terrestrial Referen
e Frame (ITRF) or a re-lated frame, by (where negligibly small non-linear termshave been dropped):X i(t) = T (t) + (1 + �(t)) � [X ir(t0) + _X ir � (t� t0)℄+R(t) � [X ir(t0) + _X ir � (t� t0)℄ + Æistat (1)where X i is the estimated position of station i at theepo
h t, X ir and _X ir are its position and velo
ity in thereferen
e frame expressed at the epo
h t0, Æistat is thenoise term and T , R and � are the transformation pa-rameters, respe
tively, the translation ve
tor, the anti-symmetri
 rotation matrix and the s
ale fa
tor at theepo
h t. This transformation is also the basis for theminimum 
onstraint equations that are sometimes usedto regularize, with minimum information, station 
oor-dinates estimated with spa
e geodeti
 te
hniques. In-deed, orientation should normally be 
onstrained forall te
hniques, as well as the origin for VLBI.It is known that applying su
h a transformationa�e
ts non-linear variations of the estimated time se-ries of GPS station 
oordinates (Blewitt and Lavall�ee,2000; Tregoning and van Dam, 2005; Collilieux et al,2009). Indeed, as the ITRF is a se
ular frame (Altamimiet al, 2007), the station position seasonal variations
an partly alias into the transformation parameters.This e�e
t is not desired and 
an be problemati
 formany appli
ations: 
omparison with loading models, in-version to estimate loading mass density distributions,or 
omparison of spa
e geodeti
 results from di�erentte
hniques. The aim of this paper is to quantitativelydes
ribe this aliasing e�e
t and to review and evalu-ate pro
edures that 
ould be used to redu
e it. Se
tiontwo des
ribes the syntheti
 data that are 
onstru
ted

to evaluate various suggested pro
edures. Se
tion threeassesses the results of the tests 
arried out on the syn-theti
 data to show the performan
es of the methods.And �nally se
tion four applies the pro
edures to realGPS solutions in order to 
ompare GPS displa
ementswith loading models.2 Strategy2.1 Method to 
ompute position time seriesThis se
tion re
alls the most general method that 
anbe used to 
ompute position time series in an homoge-neous referen
e frame from a set of daily/weekly solu-tions.Firstly, a se
ular referen
e frame is needed. It is re
-ommended to re
ompute se
ular positions and velo
i-ties for every station or for a subset of reliable stationsfrom its own set of solutions. At this step, dis
ontinu-ities should be identi�ed in the position time series andmodeled in the estimated se
ular frame Xref (t). Theestimated long term 
oordinates should be referred tothe adopted se
ular referen
e frame, for example, theITRF, using stations showing the same dis
ontinuitylist. This step is ne
essary to avoid possible errors inthe adopted se
ular frame or in
onsisten
ies with theinput dataset whi
h may a�e
t transformed positiontime series. Se
ondly, the transformation parametersshould be estimated between ea
h daily/weekly solutionand the estimated se
ular 
oordinates of the epo
h us-ing equation (1). The next se
tion will dis
uss di�erentstrategies for this purpose. Finally, detrended residualsdX i(t) 
an be 
omputed as follow:dX i(t) = X i(t)�X iref (t)�[T̂ (t) + (R̂(t) + �̂(t) � I3) �X i0(t)℄ (2)where X i0(t) are approximated 
oordinates of station iwhereas trended residuals tX i(t) 
an be 
omputed asfollow:tX i(t) = X i(t)� [T̂ (t) + (R̂(t) + �̂(t) � I3) �X i0(t)℄ (3)The �rst two steps 
an be merged into one single step asdone in the CATREF software (Altamimi et al, 2007).However, less 
exibility is allowed for the estimationof the transformation parameters. We will spe
i�
allydis
uss here the se
ond step whi
h 
onsists in estimat-ing transformation parameters. The di�eren
es betweenthe various methods will be highlighted using syntheti
data.



32.2 Syntheti
 data and testsWe have simulated GPS weekly station position sets asfollowsX i(t) = X iitrf2008(t)+(t�t0)� _X iitrf2008+�iload(t)+Æi(t)(4)where X i(t) is the position ve
tor of the station i atepo
h t, �iload(t) is the loading displa
ement in theCenter of Figure (CF) frame and Æi(t) is a spatially
orrelated noise term. Station positions have been gen-erated from 1998.0 to 2008.0, 
omprising 512 weeks.The real GPS network of the Massa
husetts Instituteof Te
hnology (MIT) analysis 
enter (MI1 repro
essedsolution), whi
h is the most in
lusive of all the repro-
essed GPS solutions, has been adopted and stationpositions have been simulated only when station pa-rameters were available in their SINEX �les. The fullnetwork is 
omposed of 748 stations with many stations
on
entrated in North Ameri
a and Europe. The ve
-tor of spatially 
orrelated noise Æ(t) has been simulatedfrom the full 
ovarian
e matri
es of the MI1 solutions.The loading displa
ement model�iload(t) has been 
om-puted as the sum of three loading displa
ement mod-els. The �rst in
ludes the e�e
t of the atmosphere ata 6-hour sampling rate a

ording to the model of theNational Center for Environmental Predi
tion surfa
epressure. The se
ond is derived from the ECCO O
eanBottom Pressure model at a sampling rate of 12 hours(JPL, 2008). The third predi
ts the hydrologi
al e�e
tat monthly intervals (Rodell et al, 2004). These modelshave been averaged or interpolated to weekly spa
ingbefore being merged. They spe
i�
ally show power atthe seasonal frequen
ies and espe
ially the annual (Rayet al, 2008).2.3 Des
ription of testsSyntheti
 data sets 
omputed from equation 4 havebeen analyzed as if they were real data. We estimatethe transformation parameters between the position setof week t and a se
ular referen
e frame expressed withrespe
t to ITRF2008 preliminary solution (Altamimi,Z. and Collilieux, X. and M�etivier, L., 2010). With realdata, estimated transformation parameters are non-zerodue to apparent geo
enter motion (
ombination of Cen-ter of Mass (CM) displa
ement with respe
t to CFdue to loads and systemati
 errors), 
onventional ori-entation of the weekly frame, GPS s
ale dependen
ywith the satellite and ground antenna phase 
enter o�-sets and variations, noise, and aliasing e�e
ts related to

loading. No frame error has been introdu
ed in equa-tion 4 to 
onstru
t the syntheti
 data, whi
h meansthat estimated translation, rotation, and s
ale parame-ters from syntheti
 solutions only re
e
t noise and alias-ing terms. Figure 1 shows the transformation parame-ters estimated from the syntheti
 data in the hereafter
alled standard approa
h: all the transformation pa-rameters are estimated with all available stations. Sig-ni�
ant aliased annual signals 
an be seen, espe
ially inthe X and Z translation 
omponents, in the s
ale fa
tor,and also in the rotations. The extra noise variations in2006 is related to the large variations of the varian
es ofsome point positions at the time of an Earthquake; Sta-tion SAMP (Indonesia) is the most a�e
ted. We have
he
ked that this extra-noise does not 
hange the 
on-
lusions shown here.The 
olumns of Table 1 enumerate the strategiesthat are tested here to redu
e the aliasing error. In-stead of using the whole set of available stations to es-timate the transformation parameters, strategy subnet
onsists in using a well distributed subset of stations to
ompute the transformation parameters. Indeed, load-ing e�e
ts are spatially 
orrelated and extra
ting a sub-set of stations is useful to avoid over-weighting those ar-eas with a high station density, whi
h a

entuates thealiasing e�e
t. Stations of the sub-network are 
hosento have at least 80% of the full 11-year period 
overedby data and a limited set of dis
ontinuities with seg-ments longer than 20%. We followed the approa
h sug-gested by Collilieux et al (2007) to remove stations indense areas and ensure a globally uniform distribution.However, we had to preserve some stations in poorly
overed areas that did not exa
tly mat
h the above 
ri-teria, spe
i�
ally in the southern hemisphere.It is also worth noting that the loading signals havelarger amplitude in the height than in the horizon-tal 
omponents (Farrell, 1972). With respe
t to the 7-parameter transformation, loading e�e
ts 
an be 
on-sidered as biases sin
e they are not modeled, and thisbias is more important in the verti
al. As a 
onse-quen
e, down-weighting the height measurements hasbeen suggested to redu
e the aliasing e�e
t (T. Her-ring, personal 
ommuni
ation, 2009). This approa
h isalready implemented in the Globk software (Herring,2004). There are several ways to implement this down-weighting. We tested two approa
hes. First, we 
hose touse the inverse of the diagonal 
ovarian
e matrix of thesolution to weight the transformation but we modi�edthe height formal error by a s
aling fa
tor. This ap-proa
h is named hereafter downdiag. However, the o�diagonal terms of the 
ovarian
e matri
es 
ontain sig-ni�
ant statisti
al information, whi
h is important topreserve. So we also implemented the down-weighting



4of heights while preserving the 
orrelation terms of the
ovarian
e matri
es following Guo et al (2010), 
alleddownfull.Another way to handle this problem is to 
hangethe frame transformation model to in
lude informationabout the loading displa
ements:X i(t) = T (t) + (1 + �(t)) � [X ir(t) +�iload(t)℄+R(t) � [X ir(t) +�iload(t)℄ + Æistat (5)It allows a

ounting for the non-linear variations of thereferen
e frame. This approa
h is hereafter named load-mod. It has been shown to be equivalent to 
orre
tingdaily/weekly station positions by the model prior toestimating the transformation parameters (Collilieuxet al, 2010a).Finally, we test the degree-1 deformation approa
hsuggested by Lavall�ee et al (2006), equation (A6-A7),whi
h 
onsists in estimating the low degree spheri
alharmoni
s of the load mass density that generates thedeformation �eld simultaneously with the transforma-tion parameters, hereafter 
alled loadest. Those authorswere however interested in the degree 1 terms of theload surfa
e density whereas we fo
us here on the trans-formation parameters. Please note that there is an errorin equation (A7): ( 3h+2l � 1) should be repla
ed with1=(h+2l3 � 1).It is worth noting that in all these methods, theframe s
ale fa
tor, �, in equation 1 
an be estimated ornot.2.4 Evaluation of the alias errorThe outputs of all the pro
essing methods des
ribedabove are the transformation parameters. On
e they are
omputed, they 
an be in
orporated into equation (2)or (3) to 
ompute the residuals of the station positionsfor every station. When syntheti
 data are pro
essed, itis possible to quantify the e�e
tiveness of all the meth-ods by 
he
king how 
lose the estimated transforma-tion parameters are to zero. As their e�e
t on stationpositions is di�erent from one site to another, we also
ompare the station position residuals to the loadingdispla
ements that have been used to 
reate the syn-theti
 data.Note that theWeighted Root Mean Squares (WRMS)of the di�eren
es for station positions are dominated bynoise. As a 
onsequen
e, these statisti
s are not inter-esting to evaluate the aliasing e�e
ts. As the loadinge�e
ts have a large signal at the annual frequen
y (seeFigure 1), we 
hoose to evaluate ea
h method on itsability to properly re
over the loading signal at the an-nual frequen
y in the station position time series.

3 Evaluation of the methods3.1 S
aleNot estimating the s
ale in the frame transformationhas been re
ommended by several authors (Tregoningand van Dam, 2005; Lavall�ee et al, 2006). Indeed, as
an been noted in Figure 1, a large annual signal is ob-served in the s
ale when it is estimated in the standardapproa
h. Figure 2a) shows, for every stations with suf-�
ient data (more than three years), the 
omparisonbetween the in phase and out of phase terms of theannual signals estimated in the station position timeseries residuals (
omputed by applying velo
ities andtransformation parameters only) and the annual sig-nals estimated in the loading models used to generatethe data. The more 
losely the points are lo
ated on thediagonal, the more satisfa
tory the transformation is. Itis interesting to note the systemati
 behavior of the an-nual signal. Most of the terms are over-estimated usingthe standard method, ex
ept the East 
omponent. As
ould be expe
ted the height 
omponent is the most af-fe
ted, espe
ially the out of phase term whi
h is biasedby about 1 mm. If the s
ale is not estimated, see Figure2b), the pi
ture is almost un
hanged for the horizontal
omponents but the height annual signals are obviouslybetter re
overed. Figure 3a-b) shows the aliased load-ing signal in the translations and s
ale fa
tors for thesetwo 
ases. The translation parameters are almost un-
hanged when the s
ale fa
tor is not estimated sin
e theGPS network 
overs almost the whole globe.Collilieux et al (2010b) showed that the annual vari-ations observed in the newly repro
essed GPS s
ale fa
-tor 
an be partly explained by our loading model butnot 
ompletely. However, the s
ale behavior is quite sta-ble in time so that it is reasonable to estimate one 
on-stant s
ale fa
tor for the whole period of time. This
an be done in a one-step run if all the transformationparameter time series are estimated simultaneously orin a two-step approa
h by applying in a se
ond stepthe mean s
ale fa
tor to the referen
e solution. A 6-parameter transformation (no s
ale) 
an then be esti-mated. Unfortunately, most of the methods presentedabove 
annot fully �x the problem of aliasing in thes
ale fa
tor. The method 
onsisting in in
orporatingthe loading model in the transformation (loadmod) per-forms ni
ely, see Figure 2
) and Figure 3
), but only ifthe loading perfe
tly �ts the GPS data (see se
tion 4for dis
ussion). It is possible to redu
e the annual sig-nal in the s
ale when using a well distributed networkof stations for the frame transformation, as dis
ussedby Collilieux et al (2007). However, the performan
e ofthe method is variable and depends strongly on the sub-



5network. Indeed, we did not noti
e a redu
tion in theannual s
ale amplitude when studying our MIT welldistributed sub-network either with syntheti
 or realdata. Only the estimation of the deformation �eld, asalready dis
ussed by Lavall�ee et al (2006), seems to de-
rease signi�
antly the s
ale fa
tor annual signal (seese
tion 3.4) but does not nullify it.As a 
onsequen
e, we will dis
uss the following re-sults in the 
ase of a 6-parameter frame transformation.The s
ale issue will be dis
ussed further for strategyloadest only.3.2 Down-weighting heightTransformation parameters obtained with the standardapproa
h have been 
omputed using the full 
ovari-an
e matrix of the solutions. It is worth noting thatGPS height determinations are about 3 times less pre-
ise than the horizontals, whi
h means that the height
omponent is naturally down-weighted in the standardapproa
h (�up � 3 � �north).Figure 2d-f) shows the results obtained when thewhole network of stations is used to 
ompute the trans-formation parameters while applying down-weightingof the heights (no s
ale estimated here). The only dif-feren
e with 2b) is the weighting. Three di�erent down-weighting strategies are shown. Height un
ertainties weremultiplied by 1:5 (�up � 5 ��north) or by 3:0 (�up � 10 ��north) but the 
orrelations were preserved, Figure 2d-e). Correlations were 
an
elled in Figure 2f) (�up � 10 ��north). It 
an be 
learly noti
ed that down-weightingheight has a positive e�e
t for the horizontal 
ompo-nents. When the height weight is slightly de
reased, thepattern of the annual is 
losed to the standard 
asebut the error has been signi�
antly mitigated. Eventhe height agreement is improved with estimated 
or-relations larger than 99% and mean deviations smallerthan 0.3 mm for the in phase and out of phase terms.When the height weight de
reases again (Figure 2e)),the agreement gets better. Indeed, the translation pa-rameter along the x and y axes be
ome smaller, see Fig-ure 3d-e). However, there is a di�eren
e depending onwhether the 
orrelations are used or not in the weight-ing. The re
overed annual term in the North 
omponentis di�erent, 
ompare Figure 2e) and Figure 2f), whi
his related to the di�eren
es in the x- and z-translations,see Figure 3e) and Figure 3f). The out of phase termis generally under-estimated in the full-weighting 
asewhereas the in phase term is slightly over-estimated.However, the error is reasonable for both methods whensyntheti
 data are studied. We also tried to de
rease theheight weight even more but the general level of agree-

ment between the residuals and the true values did notimprove signi�
antly.3.3 Using a sub-networkRestri
ting the transformation to a subset of stations isthe most natural way to pro
eed. This is what is 
om-monly done when some station 
oordinates that areweakly determined are reje
ted from the transforma-tion estimation (with a simple outlier reje
tion test).Additionally, using a well distributed sub-network sig-ni�
antly redu
es the transformation parameter biases.Our network is 
omposed by 77 stations, sele
ted fol-lowing the 
riteria de�ned above. Figures 2g) and 3g)show the performan
e of the method. The biggest biasin the residual position time series is observed in thein phase annual term of the north 
omponent and inthe out of phase term of the east 
omponent. The av-erage error at the annual frequen
y is within 0.2 mmWRMS for this term whi
h shows that the approa
h isreliable to mitigate aliasing e�e
ts. Aliased annual sig-nals are reasonably small in the translation parametersalthough signal along the z axis is still visible. Whenthe height was down-weighted 
onjointly by 1:5, thealiasing errors have slightly de
reased but only by 0.1mm annual WRMS in the in phase terms of the annualsignal for the north and height 
omponents. For thisparti
ular weighting, it performs better to use a sub-set of stations than the full network. When the heightun
ertainty is multiplied by 3:0, the e�e
t of the down-weighting tends to dominate whi
h means that usingeither the sub-network or the full network give similarresults.3.4 Estimating the deformation �eldWe have seen above that using a loading model in thetransformation is e�e
tive. The main limitation is theloading model a

ura
y and possible GPS systemati
errors but another limitation is the availability of theloading model itself. Estimating the displa
ements 
ausedby the loading of the Earth's 
rust is an alternative.However, due to the spatial distribution of GPS sites,it is only possible for the longest wavelengths of thedeformation �eld. Following Wu et al (2003), we onlyestimated the load surfa
e density 
oeÆ
ients up to thedegree �ve. We also paid attention to model the defor-mation �eld in the CF frame, by adopting degree 1load Love numbers in the CF (Blewitt, 2003), in orderto estimate a translation whi
h relates ITRF origin toGPS frame origin. Indeed, modeling the deformation�eld in the Center of Network frame (Wu et al, 2002)



6would have had no e�e
t to redu
e aliasing and model-ing the deformation �eld in he CM would have removedthe geo
enter motion 
ontribution from the estimatedtranslation, whi
h is not desired.For 
omparison with the other approa
hes, we �rstplotted the results when the s
ale was �xed to zero. Al-though only low degrees are estimated, it 
an be noti
edon Figure 2h) and 3h), built with a trun
ation degreeequal to �ve, that the method is e�e
tive to redu
e thealiasing e�e
t. It performs better than any other in thehorizontal and is as e�e
tive in the verti
al. And here,the full 
ovarian
e matrix has been used with no mod-i�
ation of the sto
hasti
 model. The full network ofstations is also used, ex
ept those that have been iden-ti�ed as outliers in the least squares estimation pro
ess.We also estimated the s
ale fa
tor in the frame trans-formation as a test. The aliasing e�e
t depends on thetrun
ation degree of the spheri
al harmoni
 expansionof the load density. We noti
ed using the syntheti
 datathat the s
ale fa
tor annual signal amplitude be
omessmaller than 0.2 mm for degree three up to degree six.Figure 3i) shows for example the estimated s
ale fa
-tor for a trun
ation degree of �ve. The variations ofs
ale, 
ompared to Figure 3a) are drasti
ally redu
edbut inter-annual variations are not removed. We noteda larger annual signal in the s
ale fa
tor estimated fromreal data with an amplitude of 0.6�0.1 mm for a trun-
ation degree equal to �ve. This is however mu
h smallerthan the amplitude estimated in the standard approa
hwhi
h is 1.6mm. If the estimation of the s
ale is needed,this approa
h is relevant but does not fully solve thealiasing issue, espe
ially at the inter-annual frequen
ies.3.5 NNR-
onditionWe dis
ussed above the 7-parameter transformation whi
his used to 
onstrain the frame origin, orientation, ands
ale. However, GPS is theoreti
ally sensitive to the ori-gin and s
ale of the frame so that only the orientationmust be de�ned in prin
iple. Constraining a normal ma-trix with the standard minimum 
onstraint approa
h isequivalent to performing a non-weighted transforma-tion between a 
onventionally oriented frame and theoutput frame. As a 
onsequen
e, this 
onstraint shoulda�e
t the loading signal as well, but to a lesser extentsin
e only orientation is 
onsidered. We performed thesame 
omputation 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 e�e
ts in the rotation parametersshow repeatabilities smaller than 5.6 �as in any 
ases,whi
h is about 0.15 mm. However, the annual signalamplitude in the X and Y 
omponent is divided by

about 2 to rea
h 2:3 and 3:8 �as respe
tively whena sub-network is used. As a 
onsequen
e, the impa
ton the position time series is quite small. The worstdetermined term is the in phase annual term in theNorth 
omponent for both standard and subnet strate-gies. While the 
orrelation and WRMS of the in phaseNorth term with respe
t to the true values are 86%and 0.2 mm for the standard 
ase, it is however 96%and 0.1 mm when a well distributed sub-network is se-le
ted for the NNR 
ondition. As a 
onsequen
e, a well-distributed network is required for applying the NNR-
ondition and to re
over annual signals in the horizontalat the level of 0.1 mm WRMS.4 Appli
ation to real dataWe applied here the approa
hes des
ribed above to realGPS position time series to see if the agreement be-tween the GPS position time series and our loadingmodel is improved 
ompared to the standard approa
h.Figure 4 is similar to Figure 2, ex
ept that the annualsignal plotted in the y axis 
omes from the analysisof the MI1 GPS data. The x axis still shows the an-nual signal estimated in the loading model over thesame epo
hs of observations. Su
h a plot represents thelevel of agreement between GPS produ
ts and the load-ing model at the annual frequen
y, depending on theapproa
h adopted to de�ne the frame origin, orienta-tion and s
ale. Figure 4a) shows the standard approa
hwhen the s
ale is estimated, as a referen
e. A 
lear bias
an be observed, espe
ially for the out of phase terms inthe height, as seen with the syntheti
 data. As a 
on-sequen
e, for all the results that are shown next, thes
ale fa
tor is not estimated. We also show on Figure5a) the translations and s
ale fa
tor estimated for thestandard approa
h. Figure 5b-f) shows the di�eren
esbetween the estimated translations for alternative ap-proa
hes and the standard approa
h.Using the loading model in the transformation (load-mod), 
f. Figure 4b), does not show better agreementbetween GPS and the loading model than any of theother methods: using a sub-network for the frame trans-formation (subnet), Figure 4
), down-weighting height(downfull), Figure 4d-e) or estimating the deformation�eld (loadest), Figure 4f). This shows that dis
repan
iesbetween GPS displa
ements and the loading models arenot related to the aliasing e�e
ts. It 
an be noti
ed onFigure 5 that translation di�eren
es with the standardapproa
h rea
h about 1 mm at the annual frequen
y inthe x and z axes. As observed with syntheti
 data, theagreement between the GPS North 
omponent annualterm and the loading model is better when the alias-ing is redu
ed. The loadest approa
h seems to perform



7slightly better than any of the other approa
hes. In-deed, the WRMS of the di�eren
es of annual signals (inphase and out of phase terms) and their 
orrelations aresmaller in all the 
omponents ex
ept the out of phaseterm in the North 
omponent. However, the �t withthe loading model is satisfa
tory for the three other ap-proa
hes although 
aution should be addressed to in-terpret the results of the downfull strategy. The Northannual out of phase terms re
overed when the heightun
ertainty is multiplied by three seem to be under-evaluated 
ompared to any other approa
hes, whi
h isnot the 
ase when the height un
ertainty is multipliedby 1.5. This was not so obvious for the syntheti
 dataalthough visible. We noti
e that this e�e
t is relatedto larger di�eren
e in the z translation annual signal,see Figure 5e). As a 
onsequen
e, using an un
ertaintys
aling fa
tor of 1.5 or using diagonal weight only ispreferred. We think it is always better not to a�e
t thesto
hasti
 model, whi
h is why we favor using either awell distributed network for the frame transformationor estimating the low degree 
oeÆ
ients of the defor-mation �eld simultaneously.Lavall�ee et al (2006) suggested two approa
hes toestimate the low degrees of the load surfa
e density.We adopted here the so-
alled degree-1 deformation ap-proa
h sin
e we wanted to remove the absorbed loadingsignal in the translations while preserving the geo
en-ter motion in these parameters. The CM-approa
h 
on-sists in modelling the deformation �eld in the CM frameand estimating rotation parameters only sin
e GPS istheoreti
ally sensitive to CM. The two approa
hes leadto two distin
t estimates of the deformation �eld. Asan illustration, Table 2 supplies the annual signals es-timated in the geo
enter motion time series 
omputedfrom the degree-1 
oeÆ
ients. Di�eren
es may rea
h upto 2.2 mm in the amplitudes and may ex
eed one monthin phase. Forward loading model from Collilieux et al(2009) is supplied as a 
omparison but any of the two es-timations really seem to �t better to the loading model.However, the aliasing e�e
t redu
tion using these twodistin
t deformation �elds is similar whi
h validates thedegree-1 deformation �eld used for the purpose of alias-ing mitigation in this study. We also reported in Table 2the opposite of the translation estimated with degree-1deformation approa
h. It 
an be observed that apparentrepro
essed GPS geo
enter motion is still not reliable.Thanks to the di�erent tests we did, we are nowable to 
on
lude about the level of agreement betweenthe GPS position time series and the loading model.Indeed, we 
an reasonably ex
lude the aliasing e�e
tas being a major sour
e of dis
repan
ies. When look-ing at �gure 4f), the following general 
omments 
anbe formulated. The agreement of the annual signal in

the Height 
omponent is good in average sin
e all thepoints are lo
ated along the diagonal. The mean dis-
repan
y is 1.6 mm for the in phase term and 1.5 mmfor the out phase term. In the horizontal, the loadingmodel generally shows a smaller amplitude than theGPS and the agreement for the in phase and out ofphase term of the annual signals is less than 0:8 forboth 
omponents. These results are en
ouraging butdis
repan
ies are still quite important. The horizontal
omponent signals of the GPS stations should be in-vestigated further in the future studies, espe
ially by
omparing GPS results with di�erent loading modelsand the results of the Gravity Re
overy and ClimateExperiment (GRACE) to better understand the originof the dis
repan
ies shown here.5 Con
lusion and re
ommendationsWe reviewed the pro
edures that 
an be used to mod-ify the origin, orientation, and s
ale of a time series ofGPS frames. We paid attention to dis
uss the trans-formations whi
h preserve the loading signals that areinherently 
ontained in the station 
oordinates. This isespe
ially important in order to interpret 
orre
tly thenon-linear variations in the station position time series.We showed using syntheti
 data that the standard ap-proa
h 
onsisting in using the largest set of stations inthe frame transformation is not optimal whether thes
ale is estimated or not. The s
ale parameter shouldbe de�nitively �xed to a 
onstant value over time orits seasonal variations �xed to zero. But a rigorous ap-proa
h is possible only if all the frame time series areanalyzed in one unique estimation pro
ess. The bene-�t of using an alternative approa
h is espe
ially impor-tant for the horizontal 
omponent annual signal. Down-weighting height, restri
ting the station set to a welldistributed sub-network, or estimating the low degreesof the load surfa
e density all perform well. The well dis-tributed network approa
h is the easiest to implementwhereas the height down-weighting may seem diÆ
ultto 
omprehend due to the modi�
ation of the sto
hasti
model. A slight advantage is given to the third method
onsisting in estimating the deformation �eld, whi
h isalmost free of any systemati
 bias a

ording to our sim-ulations. Thanks to this study, we were able to 
on
ludethat aliasing e�e
t is not the main sour
e of dis
repan
ybetween GPS position time series and the loading mod-els. Annual signals are shown to agree at the 1:5 mmlevel in the height and the 0:8 mm level in the hori-zontal. Further studies are needed to understand thesour
es of the remaining in
onsisten
ies.
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