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Abstract

A CGPS coordinate time series analysis strategy was eealdatdetermine highly ac-
curate vertical station velocity estimates wrtralistic uncertainties. This strategy uses a
combination of techniques to 1) obtain the most accuratarpater estimates of the sta-
tion motion model, 2) infer the stochastic properties oftthve series in order to compute
more realistic error bounds for all parameter estimatesd 3ximprove the understanding of
apparent common systematic variations in the CGPS codedtimae series, which are be-
lieved to be of geophysical and/or technical origin. Thatsqyy provided a pre-processing
of the coordinate time series in which outliers and discurities were identified. Subse-

guent parameterization included a mean value, a constatperiodic terms with annual
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and semi-annual frequencies, and offset magnitudes fatifel discontinuities. All pa-
rameters plus the magnitudes of different stochastic nem® determined using Maxi-
mum Likelihood Estimation (MLE). Empirical Orthogonal Fation (EOF) analysis was
used to study both the temporal and spatial variability eftbmmon modes determined
by this technique. After outlining the CGPS coordinate tsades analysis strategy this pa-
per shows initial results for coordinate time series fora fgear (2000-2003) period from
a selection of CGPS stations in Europe that are part of thefean Sea Level Service

(ESEAS) CGPS network.

Key words: Global Positioning System, Coordinate Time Series, Maxmtikelihood

Estimation, EOF Analysis, Common Mode

1 Introduction

Studies of changes in globally-averaged sea level basetlergauge data and
continuous GPS (CGPS) measurements require the deteloniredithighly accu-
rate vertical land movements with respect to a global, getnicereference frame
at the 1 mm/yr level. Over the last decade, CGPS has evolvied tme of the few
space geodetic techniques, which can potentially achigste Isigh accuracies in a
globally homogeneous and practical manner. To this daychiadenge for CGPS
remains in the consistent and accurate determination o#tteal coordinate com-
ponent, as many error sources manifest themselves prymarthis coordinate.
It was shown that the vertical coordinate component is lgrgéected by resid-
ual systematic effects due to inappropriately modelleddspheric delay, antenna

phase center variations or different loading processes yan Dam et al., 1994;
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Mao et al., 1999; van Dam et al., 2001; Johansson et al., ZB8%hm & Schuh,
2004). Furthermore, biases and inconsistencies in theerefe frame and satellite
orbits, or CGPS processing strategy related effects, gatpanto this coordinate
component, increasing the noise level, introducing asiflong-term trends and/or
common systematic variations. These variations often lagperiodic nature and
are correlated over large areas or continental regions\(édgwinski et al., 1997;

Herring, 1999; Johansson et al., 2002; Kierulf et al., 2006)

In order to determine the secular change of the stationipaosite. the station
velocity, with the required accuracy and realistic undatias, and to improve the
understanding of the apparent, common systematic vamnatiroCGPS coordinate
time series, a complex time series analysis strategy issistl and evaluated. After
a pre-processing of the coordinate time series, this glyateorporates Maximum

Likelihood Estimation (MLE) and Empirical Orthogonal Fuion (EOF) analysis.

This study presents the initial evaluation of the coordiriemhe series analysis strat-
egy. MLE and parts of the proposed EOF analysis have beeiedpqplthe coor-
dinate time series obtained from six independent EuropeariL8vel Service (ES-
EAS) CGPS Analysis Centres (AC). Using MLE, the best paramettimates for
the station motion model with realistic uncertainties désamed. Furthermore, the
stochastic properties of the coordinate time series altairdd from the MLE are
discussed. Here a patrticular interest is the possibilitysifig the stochastic infor-
mation to identify and/or separate the effects of diffel@®PS processing strate-
gies, including strategy-implied reference frame defam#, the use of different
orbit and clock products, and receiver antenna phase cewielling, in the coor-
dinate time series. The temporal and spatial variabilithefcoordinate time series
is investigated using EOF analysis. The different modest teographical pattern

and the associated common mode times series determinedleoBEOF analysis



are discussed. It is believed that a better understandititese modes describing
the common, systematic variations in the coordinate timeswvill improve future

parameterizations of the station motion model during CGR8essing and/or the
analysis of coordinate time series. This improved modglieduces the scatter in
the residual coordinate time series, thus allowing furtibrances in the accurate

determination of vertical station velocities and their enainties.

The following section describes previous work on the analgsCGPS coordinate
time series. In Section 3 the coordinate time series arsadyategy is introduced in
more detail. This section also comprises a brief review efdtation motion model
and techniques applied. Section 4 then describes theseditHined for this initial

evaluation of the coordinate time series analysis strategy

2 PreviousWork

Previous work on CGPS coordinate time series analysis bhgied much research
on the effect of time-correlated (coloured) noise (e.g.gk@@in & Johnson, 1997;
Zhang et al., 1997; Mao et al., 1999; Williams, 2003a; Lamgb2004; Williams

et al., 2004), the reduction of spatially correlated vaoia (e.g. Wdowinski et al.,
1997; Nikolaidis, 2002; Johansson et al., 2002), annuakanu-annual harmonic
signals (e.g. Blewitt & Lavallée, 2002; Dong et al., 2002hd coordinate off-

sets (Williams, 2003b) on station velocity estimates argbeisited uncertainties.
Furthermore, a monitoring and analysis strategy suggéstedGPS stations co-
located with tide gauges, using pairs of CGPS stationgheedual-CGPS station

concept, was discussed by Teferle et al. (2002a).

Although, it is now widely accepted that the assumption thaty variations in



CGPS coordinate time series are purely random and timgeerakent is unreal-
istic, still only few research groups account for colouredse in their analyses.
Whereas random or white noise (WN) can be greatly reducedhdrgasing the
number of measurements and averaging, coloured noise igrriota far lesser
degree reduced by these measures. The general conclusignthat if coloured
noise is not accounted for, station velocity uncertaimiey be underestimated by
up to an order of magnitude. It is, therefore, important tdarstand the stochastic
properties of CGPS coordinate time series in order to ob&hstic uncertainties

for all parameters estimated.

One way of describing noise is by means of a power-law protgsas been shown
that many physical and geophysical processes approximptecgéss where the

power spectrum has the form

P.(f) = R(f/fo)" 1)

with f being the spatial or temporal frequenéy, and f, being normalizing con-
stants, and: being the spectral index (Agnew, 1992). For many phenomleaa t
index x would fall in the range -3 to -1 with the integer cases£ —1) and
(x = —2) being flicker and random walk noise respectively. Clagsitate noise
can be shown to have a spectral index 0. The term coloured (time-correlated)

noise will be used to refer to power-law processes other ¢kegsical white noise.

By filtering the CGPS coordinate time series, common systiermariations, i.e.
the spatial correlations in time series can be removed, remg local, station-
specific signals. Thetacking methodqWdowinski et al., 1997; Nikolaidis, 2002;
Wdowinski et al., 2004) based on computing a datynmon modémproves the
signal-to-noise ratio, which is especially important floe tvertical component. Jo-

hansson et al. (2002) investigated the use of Empiricald@ahal Function (EOF)



analysis for this purpose. Using least-squares, they mi@ted a combined set of
parameters including velocity and offset parameters, tdntge parameters for
geophysical signals assumed to be correlated with the &mess and between-site
correlation parameters. Then, they carried out an unwethBOF analysis (Emery
& Thomson, 1989; Johnson & Wichern, 1988) where eigenveaad associated
eigenvalues comprised different common modes with decrg@®ntributions to
the total variance of the coordinate time series. This commode construction
differs to the stacking method as the weights of the spaliat fare obtained from

the eigenvalues and not the standard errors of the dailyiposiolutions.

3 Methodology

The methodology applied in this paper for CGPS coordinate tseries analy-
sis is based around the stochastic analysis using MLE andra deterministic
description of the data using EOF analysis. Prior to theiegipbn of these, the
coordinate time series are cleaned for outliers (e.g. Widskviet al., 1997; Niko-
laidis, 2002) and periods of bad data are identified and rexholhe strategy also
incorporates the detection of significant periodic signiatsvever, for this evalu-
ation only annual and semi-annual harmonics are assumednpartant step in
this pre-processin@f the coordinate time series is also the detection and aidid
of coordinate offsets based on 1) a visual inspection of &etime series, 2) In-
ternational GNSS Service (IGS) site information log filese8rthquake files and
4) the use of a change-detection-algorithm (e.g. Williag@)3b). Fig. 1 gives a

schematic overview of the CGPS coordinate time series aisadyrategy.

Figure 1 here



The pre-processed coordinate time series are analysed Mdi& to infer a set
of highly accurate station velocity estimates with readisincertainties, fully ac-
counting for coloured noise. This is the primary objectiféh® coordinate time
series analysis strategy. However, in parallel, the giyaie also designed to al-
low investigations of the common, systematic variationgaapnt in many CGPS
coordinate time series using EOF analysis. This improvesitiderstanding, and
supports the interpretation of these spatially correlasdhtions. The authors be-
lieve that the information gained from the combination of Mand EOF analysis
allows improvements in the parameterization of the statiotion model, reducing
the scatter in residual coordinate time series. This eadgtieads to better station
velocity estimates and uncertainties. In the following péthis section the station

motion model, MLE and the EOF analysis are briefly described.

3.1 Station Motion Model

In the analysis of the coordinate time series, a model foistaBon movement is

used, where the position of a pointis given by
M

z(t) = xo + vo(t — to) + ]Zl g;(t, T) + &(t) 2)
wheret is the time t, the origin of time,z, the initial coordinate at time= t,, vy
is a constant velocity of the poing, are geophysical (or other) processes, which
affect the point coordinates aa¢t) is the error term. Some of the geophysical pro-
cesses such as solid Earth tides and ocean tide loadingaaeniably well modelled
and have power mainly at diurnal and semi-diurnal frequesuch that they are
included in the CGPS processing stage. The remaining geagatyprocesses such

as earthquakes (co-, pre- and post-seismic), atmosphaditgdrological load-

ing, human exploitation, long period transients and ardifievents (such as non



tectonic offsets) are applied at the time series analyagestHowever, for many of
these processes the model uncertainty is large or unknowio, model even exists.
Therefore, they can either be estimated, e.g. earthquaKesis, periodic terms
with annual or semi-annual frequencies, or absorbed ird@eethor term, which is

generally assumed to be noise unless otherwise shown.

3.2 Maximum Likelihood Estimation

The stochastic analysis of the coordinate time series isedaout using MLE
(Langbein & Johnson, 1997; Zhang et al., 1997; Mao et al.9198lliams, 2003a;
Williams et al., 2004). The best fitting noise model is deteed by maximizing

the log-likelihood probability function:
—1
In [lik (v, C)] = —~[In(det C) + vIC™Y + nln(27)] (3)

with respect to the post-fit residual vectér, containingn elements, and using a

fully populated covariance matrix for observations,
C=aT+bJ, 4)

described by a combination of white and power-law noise \aitiplitudes: and

b, respectively. The identity matrik is the covariance matrix of the white noise,
resembling the time-independence of this noise prodesshe covariance matrix
of the power-law noise is computed by means of fractiondoshcing (Hosking,

1981; Williams, 2003a) such that

J.=TT" (5)



whereT is a transformation matrix obtained from

— wo 0 0 ... o_
W Yo 0 ... 0
T=AT"" W Wy ... 0 (6)
.0
| Un—1 Ynz Y - W0 |

with sampling intervaAT" and with

g, = 202 2) _Ln- g 7)

Asn — oo, ¥, ~n~271/I(—%) (Williams, 2003a).

Using MLE, precise stochastic models can be fitted to thedinate time series,
estimating the noise amplitudes for a model assuming a amatibn of white and
power-law noise (WN+PLN). This recent approach is based gereral form of
the power-law co-variance matrix, allowing the noise atpks and the spectral
index to be estimated concurrently with all other paransetéthe station motion
model. The stochastic properties are estimated alonglseléntear parameters in
an iterative sense via a maximizing function. The maxingZmnction chooses a
noise model and estimates the linear parameters upon wimetv aet of residuals
is computed. Using these residuals and the co-variancexntia¢r log-likelihood
value is estimated and a new noise model is chosen with, bibpef greater log-
likelihood. This process is repeated until the log-likeldlal probability function has

been maximized.



By pre-selection of a specific noise model for the maximaait is possible to
investigate the fit of different stochastic models to thedwes time series, e.g. the
combination of white plus an integer case of power-law nfisagbein & John-
son, 1997; Zhang et al., 1997; Mao et al., 1999; Williams .e2804). Here, no pre-
selection takes place, i.e. the a-priori noise model is nostrained to a particular
case, therefore the MLE (WN+PLN) gives the most likely stgtic description of
the coordinate time series (based on the initial assumpticthe form of coloured
noise), with the best station motion model parameter estign@n a least-squares

sense) and more realistic uncertainties.

3.3 EOF Analysis

EOF analysis (Lorenz, 1956; Emery & Thomson, 1989; Johns@viéhern, 1988;
Bjornsson & Venegas, 1997) is a decomposition of the ddta¢erms of orthog-
onal basis functions determined from the data themselvgsovides a compact
description of the spatial and temporal variability of tiseies in terms of these or-
thogonal functions (EOFs) or statisticabdes The aim is to identify those modes
that contribute the most variance to the coordinate timesef a CGPS network,
exhibiting spatial and temporal correlation, i.e. commypstematic variations. The
first mode contains most of these variations. The second mepaesents the func-
tion orthogonal to the first mode, representing most of theaiaing variance, etc.
It can be shown that, often, the first few modes are linked herofactors of tech-
nical or geophysical origin. For instance, in CGPS cooridiriane series, spatial
correlations due to snow accumulation on GPS antennas omes| for those an-
tennas with radomes, are to a degree absorbed by these fess fdathansson et al.,

2002). In the following, the main elements of the theory amasharized according
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to Emery & Thomson (1989); Johnson & Wichern (1988); Bj&ars & Venegas
(1997).

Let z,;; be zero mean time series of measurements eachiwitl, ..., n data sam-
ples at; = 1, ..., p spatially distributed locations. Then, a data matkixcan be
formed, containing the observation time series as colunstove and a map of the

measurements at times row vectors such that

T11 12 --- T1p

To1 T2 ... Typ
X = (8)
(n-p)

Tnl Tp2 -+ - Tnp

The symmetric co-variance matriX of X is defined by (Emery & Thomson,

1989):

1
> = X' x 9)

(ep) 1 — 1@n)(np)

The eigenvalue problem to be solved is then:
> E=FE A (20)

A is a square diagonal matrix containing the eigenvalyesorted in descending
order.E is a square orthogonal matrix with columns of normalizeéeigctors:;;
corresponding to the eigenvaluesAn SinceX is a symmetric, quadratic positive

definite matrix,E has the property thaf ' = E” and so Eq. 10 can be written as

> =F

P
A ET =" \e:et 11
(pp)  (pp)(p-p)(PP) ]zjl 7T (11)

In E, the j-th mode is simply thg-th eigenvectoe; of X and the corresponding

eigenvalue); gives a measure of the explained variance by jite mode. The

11



contribution of thej-th mode to the total variance, also denotedbasling is then

explained in percentage as:
1001\,
§:§:4,Aj
The accumulated loading is the fraction of the total vargainc% explained by the

% (12)

first j modes.

The eigenvector matri¥ has the property thaE’ E = EE” = I (wherel
is the identity matrix), which means that the modes are uetated over space,
i.e. they are orthogonal to each other, hence the name EO#finBlthe different
modes as a map gives the pattern of a standing oscillatioatifrte evolution of
the mode, i.e. the amplitude time series or common mode tériess shows how
this pattern oscillates in time. The time evolution of eaabde contained in the
columns of matrixY” can be obtained by a projection of the data makionto the

eigenvector matri such that

Y = X E (13)

(np)  (np)(pp)
Therefore, for thei-th mode the corresponding time evolution is gt column
vector inY’, and just as the modes are uncorrelated in space, the commad& m

time series are uncorrelated in time.

Since E is orthogonal, a complete reconstruction of the origindhdaatrix is
achieved from the matrix of the common mode time series aadcetpenvector
matrix and is given by
X =Y FE (14)
(np)  (np)(pp)
Since the eigenvectors iB are orthogonal, Eq. 13 and Eq. 14 also hold for any
¢ < p. These representations, iteuncatedrepresentationX ) of the data, use

only the firstg modes with relatively large eigenvalues to extract the comsys-

tematic variations from a set of time series. Valueg off up to 5 result in trun-

12



cated representations capturing most of the total variaftke time series. The
contributions from the remaining modes are generally asslbmbe random noise

(Bjornsson & Venegas, 1997).

4 Resaults

In this initial strategy evaluation only the vertical coorate component is dis-
cussed. The results presented have been obtained for fieredi CGPS stations:
Aberdeen (ABER), Alacante (ALAC), Borkum (BORK), Casca3ASC), Genoa
(GENO), Helgoland (HELG), Liverpool (LIVE), Lowestoft (L@WE) and Newlyn
(NEWL), which are part of the ESEAS CGPS network (Fig. 2). Taga for all

nine stations has been processed by six different ACs:

e General Command of Mapping (GCM), Ankara, Turkey.

e Norwegian Mapping Authority (NMA), Hgnefoss, Norway.

¢ Royal Naval Observatory of Spain (ROA), Cadiz, Spain.

e Space Research Centre, Polish Academy of Science (SRC3z8Vea, Poland.

¢ Institute of Engineering Surveying and Space Geodesy, adsity of Notting-
ham (UNOTT), Nottingham, United Kingdom.

¢ Universidad Politécnica de Cataluiia (UPC), Barcelompajrs

The main differences in the CGPS analyses between the AGkaiese of differ-
ent scientific GPS softwares, CGPS processing strate@itslite orbit and clock
products and receiver antenna phase centre models (Tabhd exact details of
these analyses can be found in Kierulf et al. (2006). Sinee¢ults from SRC
and UNOTT have been computed, an error was found in the BerG&S soft-

ware, which was described to introduce annual variatierisgm amplitude) in the

13



vertical coordinate component of mid-latitude stationknge regional and global
networks (Fridez, 2004). Although, re-computations aht#8RC and UNOTT are
underway, these corrected results were not available tadbi®rs at the time of

writing.

For the coordinate time series from UNOTT it was possiblege the stacking
method (Wdowinski et al., 1997; Nikolaidis, 2002) to laggetduce the effect of
this software error, which was assumed to be nearly constentthe extent of the
CGPS network. As this error affected many users in the se@®PS community
it was deemed as important to include the results from SRCUMOTT in this

paper where possible.

Table 1 here

Figure 2 here

41 MLE

The height time series for six CGPS stations ALAC, CASC, GENBLG, LOWE
and NEWL, considered to be of high quality, from the diffar&Gs have been anal-
ysed using MLE (WN+PLN). As an example, Fig. 3 shows the hdigte series for
ALAC for all ACs, for the period 2000 to 2003 inclusive. For @NT, both the un-
filtered (UNOTT_unflt) and filtered (UNOTTilt) height time series are shown. The
filtered height time series have been obtained using thkistamethod, which was
based on the coordinate time series of 14 CGPS stations: ABADO, BORK,
CAMB, CASC, CEUT, GENO, HELG, LAGO, LIVE, NEWL, PMTG, SHEE dn
TGDE (Fig. 2). These 14 stations were selected on the basighbir coordinate

time series are of high quality with no or few offsets and tthatia were available
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for most of the timespan used in this study. Furthermoréipstawith site-specific

problems, i.e. multipath and/or radio frequency intenieeare excluded (Teferle
etal., 2003). This selection process reduces the chancdédaily common mode
is affected by errors related to stations used in its contjmmntaSimilar approaches
have previously been applied in Nikolaidis (2002); Tefedtial. (2002b); Wdowin-

ski et al. (2004).

Clearly visible are the different systematic variationghe height time series for
ALAC from the different ACs, which have been attributed niaito the different
CGPS processing strategies, softwares, orbit and clodakupts, and the receiver
antenna phase centre modelling (Kierulf et al., 2006). Tést bgreement in the
height time series is obtained for the solutions from NMA &@A, which are both
PPP solutions from GIPSY OASIS Il together with JPL orbit ahatk products
(Tab. 1). Interestingly, the effect of the different modwedl of the receiver antenna
phase centres in these solutions does not seem to be visible height time series
as both show very similar variations. The variations of tegght time series of the
third PPP solution computed by UPC differ from those of ROAl &MA. The
most likely cause for this is the omission of tropospheradggnts in the modelling
of the atmosphere by UPC, which has been reported by Kietwdf.2006) to

affect the temporal characteristics of the time series.

The height time series for ALAC from GCM, NMA, ROA and UPC dilsv annual

periodic variations with amplitudes between 1 to 2.3 mm antsalerable variance
in their phases. The SRC and UNCOTIihflt height time series, however, are dom-
inated by a large~1cm amplitude) periodic signal with annual frequency. For
UNOTT_unflt this signal is believed to be mainly a consequence oBtteese 4.2
software error. However, for SRC this signal is thought t@aleixture of the same

software error and the reference frame implied by the CGP8gssing strategy
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used by SRC (Kierulf et al., 2006).

Figure 3 here

The vertical station velocity estimates of the six CGPSiatat ALAC, CASC,
GENO, HELG, LOWE and NEWL from all six ACs agree at varying dés/to
within approximately+ 3 mm/yr (Fig. 4). Clearly, this level of disagreement can
be attributed to differences in the height time series faadigular station obtained
by the individual ACs, as in the example for ALAC from Fig. h&@best agreement
in the velocity estimates was obtained for the PPP solufimms NMA and ROA.
The differing velocity estimates of the third PPP solutiamputed by UPC are
assumed to be due to a combination of 1) the use of a differgrft elevation

angle (Kierulf et al., 2006) and 2) the UPC'’s shorter heighetseries.

Comparing the velocity uncertainties from the MLE (WN+PLMixh those from
MLE with a white noise only model, it was confirmed that assugnivhite noise
only would lead to an underestimation of the velocity uraeties. It can be shown
that for GCM and UNOTT the error bounds would be too optimibiy a factor of
on average of 4, whereas for NMA, ROA, SRC and UPC by a factonaverage
of 3. These findings confirm those of previous analyses andigtg the fact that
the stochastic analysis of the CGPS coordinate time sexiesdessary in order to

obtain realistic uncertainties.

Figure 4 here

The parameters for annual and semi-annual harmonic signaldeight offsets,
were also obtained from the MLE (WN+PLN). However, these akry consider-
ably due to the differences in the height time series, asudssd in Kierulf et al.

(2006), and are not discussed any further here.

16



The stochastic properties of the height time series areitesicusing the spectral
indexx and the noise amplitudes for white and power-law naisadb,, respec-
tively. Fig. 5 shows the spectral indices for the six CGP&ata ALAC, CASC,
GENO, HELG, LOWE and NEWL for each AC. It can be seen that aihested
indices are in the range from -1.2 to -0.4, i.e. stretchingiffractionalBrownian
to fractionalGaussian(white) noise, including flicker noise at -1.0 (Agnew, 1992)
The station-specific mean spectral indices and their stdriklviations about the
mean showed the best agreement between the different AG$ AL and LOWE,
and the worst for GENO. GENO was also identified to have thes&tvstation-
specific mean spectral index(.8 + 0.2). The AC-specific mean spectral indices
and standard deviations about the mean suggested that Sieomsistent spectral
indices were obtained for the RN-DD solutions from GCM andCSRurthermore,
the GPS processing strategy-specific mean spectral inaimestandard deviations
computed for PPP (NMA, ROA, UPC) and RN-DD (GCM only and GCNRGS
solutions were nearly equivalent with0.7 + 0.2, —0.7 + 0.1 and—0.6 + 0.1,
respectively. Figure 5 also seems to suggest that the use afifferent receiver
antenna phase centre modelling by NMA does not affect thehagiic properties

of the height time series.
Figure 5 here

Tab. 2 shows the analysis-centre-specific, the statiooHspand the CGPS pro-
cessing strategy-specific mean noise amplitudes compaoitedd individual white
and power-law noise amplitudes obtained from the MLE (WNNKRLWhen con-
sidering the analysis-centre-specific mean noise ampigug, is estimated to be
between 3.1 and 5.3 mm, wherédagsg, is 3 to 4 times larger and between 10.9 and
20.4 mm yf/*. Although the mean noise amplitudes for NMA and ROA are iyear!

equal, their standard deviations vary with those for NMAnigenearly double the
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size than those for ROA. Considering that the only diffeeebetween these PPP
solutions is the modelling of the receiver antenna phasegegnt must be assumed
that the increase in variability of the mean noise amplisuide NMA is an effect

of this subtle modelling difference.

Clearly visible from Tab. 2 is the fact that the mean power-feise amplitudes
for SRC and UNOTT are significantly larger, and as indicatgdheir standard
deviations more varied, than for the other ACs. This is agsiita be a direct con-
sequence of the Bernese 4.2 software error. By comparingnéan power-law
noise amplitudes from UNOTTnflt and UNOTTfIt, the stacking method demon-
strated its capability to reduce noise levels at all freqiesnin the presence of
spatially correlated variations. These results also midithat only some portion of

the power of the common mode is at annual and semi-annualdreigs.

Due to the obvious effect of the software error on the anslgsntre-specific mean
power-law noise amplitudes for SRC and UNOTT, the indivicdimse amplitudes
from SRC and UNOTT were excluded from the computation ofataspecific and

CGPS processing-strategy-specific mean noise amplitadiesoi 2.

Looking at the station-specific mean noise amplitudes it lmarargued that for
stations ALAC, CASC, GENO and LOWE,,, andb,,, are of similar magnitude
when compared to the mean noise amplitudes for HELG and NEWLHELG,
a,, 1S close to 0. This is due to the fact that the spectral indioe$1ELG from
GCM, NMA, ROA and UPC are on average small (Fig. 5). In suclesathe power-
law noise amplitude includes most or all of the white noisgktude as the total
noise content can now be explained by power-law noise oriyclwis close to
classical white noise. NEWL shows less power for white nthem ALAC, CASC,

GENO and LOWE, but more power for coloured noise than therattagions. In
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general, some portion of an increase in coloured noise caexpkained by the

spectral index being lower.

The CGPS processing strategy-specific mean noise amgitydandb,,,, have
been computed for two different strategies: PPP using thdigns from NMA,
ROA and UPC, and RN-DD based on the solutions from GCM. Atdtage, this
comparison does not allow to identify a strategy-relateiged noise component.
Therefore, based on the data set analysed, it is currentlgassible to differenti-
ate between CGPS processing strategies using strateg§ispgean noise ampli-

tudes.

Table 2 here

4.2 EOF analysis

Within this coordinate time series analysis strategy thé& B@alysis is the method
of choice for improving the understanding of the common aysitic variations
observed in CGPS coordinate time series. In order to achiesethe strategy in-
volves the stochastic analysis of the common mode timesseh&ined from the
EOF analysis (Fig. 1). However, due to the large differemcake height time se-
ries from the ACs (e.g. see Fig. 3) and their implicationstendurrently ongoing
development of the CGPS processing strategies (Kierulf,&2@06), the EOF anal-
ysis and the subsequent MLE have, at this stage, not beeeccaut as outlined in
Fig. 1. In this initial study only the contributions of thefférent modes to the total
variance of the time series, the spatial pattern of the firgtet modes and the time

evolution of the first three modes, are presented.

The results of the EOF analysis are based on the height tines $er nine stations
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of the ESEAS CGPS network: ABER, ALAC, BORK, CAMB, CASC, HELG
LIVE, LOWE and NEWL. These stations were considered as gtatibss which
showed few data gaps, had at least 2.5 years of data and haglaedeRMS of
less than 7 mm for the height time series from NMA. Furtheendine analysis
was carried out separately for the time series from eachediitk ACs and used an

unweighted EOF analysis (Emery & Thomson, 1989; Johnson énéfn, 1988).

Tab. 3 shows thaccumulated loadingBom the EOF analysis for the time series
results from five different ACs. For the height time seriemirNMA, ROA and
SRC the 1st mode represents approximately 45% of the tadirlg, which repre-
sents to a large degree the common systematic variatiohg ingight time series
for the nine stations. It should be noted that both NMA and RGA PPP (Tab. 1).
The UNOTTflt solution is also based on PPP, however, as the common naseel b
on the stacking method has already been removed, the aatitntof the 1st mode

to the total variance represents only as little as 28%.

Table 3 here

The comparison of the common mode time series and the sjpatitgrn of the
modes has at this stage only been carried out for results Kbt and GCM,
representing both PPP and RN-DD solutions, respectivelgoAling to Tab. 3 the
accumulated loadings of the first three modes for the rebolts NMA and GCM
explain 66 and 70% of the total variance, respectively. T8seaiated time series
for these modes (Fig. 6) show very different variations feiAland GCM. It can
be noticed that for the PPP solution from NMA the common made series show
annual and semi-annual signals with nearly equal amplétudbereas for the RN-

DD solution from GCM the annual harmonic dominates in alethmodes.

The first three modes for NMA and GCM show very regular spaadtierns (Fig. 7).
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The pattern of the 1st mode shows a positive loading for alists. However,
where the PPP solution from NMA shows almost the same loddingjl stations,
the RN-DD solution from GCM shows an east-west gradient withimal loading
coefficients for stations in central Europe. For the RN-DIusons, the pattern
of 2nd mode has a north south gradient, while the patterneo8td mode has no
clear geographic variations. For the PPP solution the patiethe 2nd and 3rd
modes show a clear geographical pattern oriented arounadottiewest-southeast

and southwest-northeast axis, respectively.

Figure 6 here

Figure 7 here

5 Discussion

The height time series from NMA, ROA, and UPC are obtainedgiBiPP solutions
and, hence, display all geocentric station motion, i.enallions with respect to the
origin of the reference frame, not modelled in the statiotiomomodel. The height
time series from GCM are obtained using RN-DD solutiondjzee a CGPS pro-

cessing strategy-implied regional reference frame by tcaiming the coordinates

of nine CGPS station in Europe to their ITRF2000 values (Kfeat al., 2006).

For analyses comparable to those of NMA, ROA and UPC, Wiliamnal. (2004)
found that these are best described by a combination of whdgower-law noise
with a mean spectral index ef0.8 + 0.4. This is in excellent agreement with the
CGPS processing strategy-specific mean spectral index af + 0.2 obtained for
NMA, ROA and UPC in this study. For regionally filtered sotuts, Williams et al.

(2004) obtained a slightly lower mean spectral index (s0Mich was shown to be
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independent of the CGPS processing strategy. Althouglsphetral indices were
computed for unfiltered height time series, the value of f0r8the AC-specific

mean spectral index for GCM is close to that found by Willisehal. (2004).

Unfortunately, it is not straight forward to compare the teland power-law noise
amplitudes estimated by the MLE (WN+PLN) of this study toywesly published
values. Williams et al. (2004) only showed amplitudes foitesand flicker noise,
a special integer case of power-law noise, which are notiijreomparable. How-
ever, they detected differences in the stochastic pregsedi the global solutions
based on the double difference and PPP approaches. Thisaaraging with re-
spect to future investigations by the authors once the ce@ESEAS CGPS net-

work has been analysed.

Johansson et al. (2002) investigated the use of EOF an&hydescribe and remove
common systematic variations in the coordinate time sefiagsegional CGPS net-
work and produced a set of station velocity estimates baseegionally filtered
coordinate time series. Their RMS differences in the valtatation velocity es-
timates of the solution based on the EOF analysis with redpetheir standard
solution was at the 1.4 mm/yr level. Also Wdowinski et al. 2D and Kierulf et
al. (2006) concluded that the station velocity estimatesiobd from regionally
filtered coordinate time series are shifted and decoupted the reference frame
introduced in the GPS analysis. Within ESEAS, the estimagztical station ve-
locities are required to be with respect to a global, gestentference frame.
Therefore, velocity estimates for filtered coordinate tsedes, based on either the

stacking method or the EOF analysis, cannot be used.

However, the authors argue that it is possible to obtaintextdil information about

the common systematic variations observed in time ser@s fioth these tech-
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niques. Williams et al. (2004) investigated the stochgstiperties of the common
mode removed from regional CGPS network analyses and abextlilnat the com-
mon mode is most probably a combination of white and flickeseorl he results
from the EOF analyses of the ESEAS CGPS network obtained $odia promis-
ing in that, in combination with MLE, it may be possible tordttite different CGPS
processing strategy-specific stochastic properties todh@non mode time series
and, hence, obtain a better understanding of the spatiattglated variations ob-

served in CGPS coordinate time series.

6 Conclusions

A CGPS coordinate time series analysis strategy for thematation of highly ac-

curate vertical station velocity estimates and realisticautainties has been intro-
duced and evaluated. As outlined, this strategy incorpsrafpre-processing of the
coordinate time series and subsequently determines theaesneter estimates
for the station motion model together with the stochastmpprties of the time

series. Using the stochastic information, realistic utadeties for the estimated
parameters can be obtained. Furthermore, using EOF asalysistrategy allows
a decomposition of the coordinate time series into differandes and common
mode time series, which can be used to investigate appasemnon systematic

variations in the coordinate time series.

Preliminary height time series , for the period from 2000@02, for six CGPS sta-
tions from six ESEAS CGPS analysis centres have been adalgseg MLE. The
height time series show varying agreement, with some etxhgpliarge systematic

effects partly imposed by the CGPS processing strategy.
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The stochastic properties of the CGPS coordinate timesseaefirmed the pres-
ence of coloured noise. The mean spectral indices are tensisr all analysis

centres, with slightly smaller standard deviations for Gfe8vork solutions ap-
plying the double difference approach. The analysis-eespecific mean noise
amplitudes show small differences, which may be CGPS psiougstrategy re-

lated. However, the CGPS processing strategy-related maare amplitudes can
currently not differentiate between solutions using thecpge point positioning or

double difference approach.

The EOF analysis was applied to the preliminary height tierees, for the period
from 2000 to 2003, for nine CGPS stations from five ESEAS CGiyais cen-

tres. This initial study showed that up to 75% of the totalasace is contained in
the first three modes. Furthermore, the EOF analysis shdvagthte characteristics

of the common mode time series are affected by the CGPS miagestrategy.

The results of this initial evaluation of the CGPS coordentatne series analysis
strategy are encouraging, in highlighting the potentialsshg both MLE and EOF
analysis in combination to determine highly accurate galtstation velocity es-
timates with realistic uncertainties, and to improve thdemtanding of apparent
common systematic variations in coordinate time seriesvé¥er, they also reflect
the large differences found in the current height time senéhich require more

investigations into the CGPS processing strategies.
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Table 1
GPS softwares, CGPS processing strategies, productds(ochicks and Earth rotation
parameters) and receiver antenna phase centre (APC) maeldy the different ESEAS

CGPS Analysis Centres (ACs). Reduced version of Table 2énuffiet al. (2006).
AC Software Strategy Products APC

GCM GAMIT/GLOBK® RN-DD® IGS® relative

NMA GIPSY OASIS 1Y PPP JPL! absolute

ROA GIPSY OASISII  PPP JPL relative
SRC Bernese 42 RN-DD IGS relative

UNOTT Bernese 4.2 PPP IGS relative
UPC GIPSY OASISII  PPP JPL relative

& King & Bock (2003); Herring (2003)

b RN-DD: Regional network double differencing
¢ 1GS: International GNSS Service

d Zumberge et al. (1997)

¢ PPP: Precise point positioning

£ JPL: Jet Propulsion Laboratory

€ Hugentobler et al. (2001)
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Table 2

Analysis-centre-, station- and CGPS processing stragpggific mean noise amplitudes
am, andb,,, from MLE (WN+PLN) for the period from 2000 to 2003. S. D. deesthe
standard deviation. Station- and strategy-specific me&eramplitudes have been com-

puted excluding results from SRC and UNOTT.
am [MmM] S.D. by, [Mmyr/4] S.D.

analysis-centre-specific

GCM 4.3 1.0 11.5 3.6
NMA 4.0 2.2 11.6 2.7
ROA 4.2 1.2 10.9 1.6
SRC 3.8 1.5 16.0 6.0
UNOTT-flt 3.1 2.0 15.2 5.1
UNOTT_unflt 4.2 1.8 204 7.7
UPC 5.3 1.1 12.8 2.6

station-specific

(excluding SRC and UNOTT)

ALAC 4.6 0.2 10.0 0.4
CASC 4.8 0.6 11.3 3.9
GENO 5.6 1.7 13.0 4.1
HELG 0.0 0.1 12.8 1.9
LOWE 3.4 2.3 10.2 1.1
NEWL 14 1.6 13.1 1.7

strategy-specific
(excluding SRC and UNOTT)
PPP 4.4 1.6 11.8 0.8

RN-DD 4.3 1.0 11.5 3.6
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Table 3
Accumulated loadings for the results for five different ESEBGPS analysis centres for

the period from 2000 to 2003 (in %).

AC GCM NMA ROA SRC UNOTTSIt

Loading 1 38 45 44 45 28
Loading 2 57 56 58 64 49
Loading 3 70 66 67 75 61
Loading 4 79 73 74 81 70
Loading 5 86 79 80 87 78
Loading 6 91 85 86 91 85
Loading 7 95 91 92 95 91
Loading 8 98 96 96 98 96
Loading9 100 100 100 100 100
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Fig. 1. Schematic of the CGPS coordinate time series asaysitegy.
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Fig. 2. Network of CGPS stations processed by the ESEAS CGRg/sis Centres for the
period 2000 to 2003. ASC1 is not shown on map. Additionai@tatin Malta and Greece

will come on-line in 2005.
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Fig. 3. Preliminary height time series for ALAC from differeESEAS CGPS analysis

centres for the period 2000 to 2003. The model parametenizat the MLE (WN+PLN)

comprises a constant, a linear rate, height offsets andshand semi-annual signals. A(0)

and Phase(0), and A(1) and Phase(1) denote the amplitudphaise shift of the annual

and semi-annual signals, respectively. The vertical dhhe depicts the modeled offset

at epoch 2 December 2001.
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Fig. 5. Spectral indices from MLE (WN+PLN) for the height time series for six CGPS sta-
tions for the period from 2000 to 2003. Symbols identify tH®EHAS CGPS analysis centres
(GCM: triangle, NMA: diamond, ROA: square, SRC: invertedrgle, UNOTTSIt: cross,
UNOTT_unflt: star, UPC: hexagon). Colour identifies different GBfdgares (Bernese 4.2:
blue, GAMIT: red, GIPSY OASIS II: green). Circled symbol®idify RN-DD or region-

ally filtered solutions.
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Fig. 6. Time series of the 1st, 2nd and 3rd mode based on thmjary height time series,
for the period from 2000 to 2003, for nine CGPS stations froBERS CGPS analysis
centres NMA (left column) and GCM (right column). NMA and GCapply PPP and
RN-DD solutions, respectively (Tab. 1). The parameteidradf the least-squares model
fit to the common mode time series comprises a constant, arlirme and annual and
semi-annual signals. A(0) and P(0), and A(1) and P(1) dettmeamplitude and phase

shift of the annual and semi-annual signals, respectively.
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NMA GCM

Fig. 7. Spatial pattern of the 1st, 2nd and 3rd mode basedeopré#iiminary height time
series. for the period from 2000 to 2003, for nine CGPS statfioom ESEAS CGPS anal-

ysis centres NMA (left column) and GCM (right column). NMA&GCM use PPP and

RN-DD solutions, respectively (Tab. 1).
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