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Résumé : La tdche principale du Projet Spécial
analyse des Séries chronologiques est le contrdle de
I’ENP hebdomadaire combiné SINEX solutions pour
améliorer plus la qualité des produits de 'EPN. Le
contréle routine nécessite le lissage des séries
chronologiques  coordonnées de la station
individuelle et I'entretien et la publication de la
coordonnée de compensation et des valeurs
aberrantes détectées. Cette information a également
été utilisée pour le calcul de I''TRF2005 et sa
densification régionale. L’usage du logiciel
CATREF (Altamimi et al 2004) qui lisse les
solutions cumulatives sont également calculées et
analysées. Les coordonnées estimées et les vitesses,
ainsi que la base de données de compensation et de
la valeur aberrante sont réguliérement mis a jour et
publiées sur le site Web EPN CB. Au-dela du
contrdle routine le bruit et I’analyse harmonique de
séries coordonnées EPN a été lancée. L'analyse est
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faite avec le logiciel CATS (Williams SD,
Laboratoire Océanographique Proudman) qui utilise
MLE (Estimation du Maximum de Vraisemblance
d’un  modéle semi Markovien caché) pour
déterminer la caractéristique du bruit et la variation
saisonniére des séries chronologiques coordonnées.
L'analyse du bruit a prouvé la présence du bruit
coloré dans les séries chronologiques de I’EPN.
L'utilisation des caractéristiques exacte du bruit a
permis le calcul de la vitesse incertitude de la vraie
station. L'analyse harmonique a couvert |'estimation
des amplitudes et les retards de phase du signal
saisonnier peuvent présenter dans les séries
chronologiques. L'analyse a montré les amplitudes
saisonnieres modérés, 1-2 mm pour ['horizontal
et 2-4mm pour la composante verticale.
La distribution du retard de phase pour les
composantes horizontales n’est pas aléatoire, les
valeurs bien déterminées du retard de phase ont été
trouvées. La composante supérieure du retard de
phase est totalement diftférente, elle est plus
uniforme sans pics. La réalité physique des valeurs
du retard de phase n'est pas encore étudiée. Les
résultats et les produits sont publiés et mis a jour
réguliérement dans la section des Séries
chronologiques du site Web EPNCB.

Abstract : The main task of the Time Series
Analysis Special Project is the monitoring of the
EPN weekly combined SINEX solutions in order to
further improve the quality of the EPN products.
The routine monitoring involves cleaning of the
individual station coordinate time series and the
maintenance and publication of the detected
coordinate offsets and outliers. This information has
also been used for the computation of the ITRF2005
and its regional densification. Using the CATREF
software (Altamimi et al 2004) cleaned cumulative
solutions are also computed and analyzed.
The estimated coordinates and velocities, together
with the outlier and offset database are regularly
updated and published on the EPN CB website.
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Beyond the routine monitoring the noise and
harmonic analysis of the EPN coordinate series has
been started. The analysis is being done with the
CATS software (Willlams SD, Proudman
Oceanographic Laboratory), which uses the MLE
(Maximum Likelihood Estimator) approach to
determine the noise characteristic and seasonal
variation of the coordinate time series.

The noise analysis proved the presence of the
coloured noise in the EPN time series. The use of the
right noise characteristics allowed the computation
of more realistic station velocity uncertainties. The
harmonic analysis covered the estimation of the
amplitudes and phase lags of the seasonal signal
may present in the time series. The analysis has
shown moderate seasonal amplitudes, 1-2 mm for
the horizontal and 2-4 mm for the vertical
component. The phase lag distribution for the
horizontal components are not random, well
determined phase lag values were found. The up
component phase lag distribution is totally different,
it 1s more uniform without peaks. The physical
reality of the phase lag values 1s not yet studied.
The results and products are published and
regularly updated at the TimeSeries section of the

EPNCB website.

1. Computation of the EPN cumulative
solution

The primary product of the EPN analysis 1s the series
of the combined weekly SINEX files created at the
BKG Combination Centre. The combination is based
on the subnetwork solutions of the 16 EPN Local
Analysis Centres. The combined solutions are
tied to the actual ITRF realization by tightly
constraining a subset of EPN-ITRF sites. Since
GPS week 1330, the new ADDNEQ?2 program
(Beutler et al 2006) and the more favourable
minimum constraint (MC) approach is used.

During the 10 years of operation both the
network of reference sites and the reference
frame realizations were changed resulting in inho-
mogenecous coordinate series.

To eliminate part of the inconsistencies (reference
frame changes and misalignment) the EPN Time
Series Special Project computes monthly a
cumulative  solution using CATREF.  This
software applies the minimum constraint approach
to align the EPN to the latest ITRF realization (by
the end of 2006 we used ITRF2000 and the
following reference sites: BORI1, JOZE, GRAS,
MATE, NYAI, MASI, METS, ONSA, VILL,
POTS, WTZR). The main advantage of the minimal
constraint approach is that the influences of the site
specific, non-stationary coordinate variations of
the reference sites on the results are minimized.
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Fig. 1 Distribution and 'age' of the EPN sites
(status 30.11.2006). The orientation and grey shades of the
triangles indicate the length of the available data series.

The final step of the combination i1s a series of
7-parameter Helmert transformations, performed
between the cumulative and each of the individual
weekly solutions. The transformation residuals
represent the time series that will be analysed.
As a by-product, the wvalues of the weekly
transformation parameters are saved and plotted in
Fig. 2. All parameters show a drift and an annual
periodicity. The periodicity of the rotation param-
eters appears only for the X and Z components,
while the translation parameters only have a
periodicity for the Y component!
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IFig. 2 "The [lelmert translation, rotation and scale parameters
between the multiyear and the weekly

The positive offset in the Z ftranslation at GPS
week 1303 corresponds exactly to the epoch,
when the ITRF2000 was introduced. The offset
is caused by the reference {frame difference
between ITRF96 and ITREF2000 implicitly present
in the EPN solutions through the IGS orbits, which
are kept fixed in the EPN analysis.  Similarly
the  new ITREF2005 also has, but a negative
(-5.8 mm) Z offset with respect to I'TREF2000
(Altamimi, 2006) — not yet seen on the plot. The
temporal appearance of the seasonal variation
of the scale between GPS weeks 1020 and 1280
caused by the tidal bug of the Bemese software.
Before starting any further interpretation of the
discussed  transformation  parameter  series

it must be emphasized that the evolution of the
series reflects the time variable recovery of the
global reference frame by the regional network
and 1s not necessary related to real physical
phenomenon.

During the routine analysis the coordinate offsets
related to equipment change and the outliers
caused by short or long term inconsistencies (€.g.
snow coverage, antenna problems) are manually
identified and removed from the time series.

The database of the outliers and offsets are
published at the EPNCB website both in a
simple text file and in the internationally
recognised SINEX format. An extract of the outlier
datafile i1s presented below in Table 1.

Table. 1 Anextract of the EPN_outliers.www file available at the EPNCB website

Statmx: 2906: 2890

Statien I) CPSvmek Exfiimated entliex walume (™ explanatien
--------------- fraim--te -----Nerth-----Fazt-----¥p----rr-crcermrenncenee-
ANEE. 203050002 1823 1440 [-3,31 [¢,31 [-15,0] Xamlt EN
ANEE 20305X002 1034 1054 -3 X (14 pingle emilderx
ATEE 20305H002 1266 1231 K X [13,55] antermnz mulfunciien?
LeCs 122077M602 360 0833 X R [-5,-13] rtatiex xtart
Lo _12207M002 1123 1125 [$,21] X ® zimyle_ suiliex
RS2l 12205K002 0343 0344 X x [-14_ -22] pingle emtlier
ESL1 12205M002 1307 1301 H H 13 ringle emtlder
EORE 14263M001 1212 1221 3 M [-3,-231 antenna ymlfunctien
EORE 142¢8N001 1222 1224 " X 5 torperary antemna
ERST 10004X004 10313 1083 g -16 -13 single_entlier
EEST 1ee0d84Ne04 1237 1231 X X 14 2ingle eutlier
ERST _18064X004 13171 1324 [%,131 -6 X antenna melfanctiien
ERVS 13101H004 1059 1659 ~3 -2 13 zingle_enflier
E¥CYV_11401N001 1002 1021 Al -3 R ztatien ztaxt
EZRC 12751Me01 1123 1161 [0,-34] 0,51 [18,-13] anterna ralfanciien
TECK 12351M001 0935 0335 X R ~34 equiprent charpye
SENN 14001M604 9336 0336 " X ~11 zingle_ ounildex
TOVE_J2743M00L 1301 1391 -4 X -3% equipnent chanye
IWEN 12334001 1037 18é6¢ [-34,-53] [20 ,44] [-20] anterna mulfanciien
ENEX 12330M001 1073 1830 1 [15] [-40] tenpoexaxy equipment
INEX 12330Xe01 1115 1123 [-31 [-¢,-20] [1,3%8] antemna ymlfancidien
INEN 12330M001 1219 1219 " X 21 zingle_emflierx
INEN 12330M001 1274 123% [36,0] [1¢] [18] frampment
SWNEX 12330M001 1233 1236 X ¥ [-180] fragprent
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(*) Explanation of outlier value designations:

X : no significant outliers for the component single value : well determined single value for the week(s)

from, to] : the outliers vary between the given range

The quality of a single weekly solution is
characterized by the weighted RMS (root mean
square) values (see Fig. 3a,b) obtained from the
multiyear combination. The quality improvement
after the removal of the offsets and outliers,
especially for the height component is quite
remarkable. However, still some seasonal variation
of the WRMS (weighted RMS) remains, with peaks
around winter time; these are clearly correlated with
the snow coverage of some GPS antennae.
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Fig. 3a-b Weighted RMS of the weekly EPN solutions before and after the elimination of the coordinate offsets
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single value] : typical, well determined average value for the interval

The reason of the temporary drops in the horizontal
WRMS values is not yet understood, but we suspect
that it caused by the improperly removed constraints
from the combined solution.

The WRMS plots, given in Fig., 3a-b, stress the
importance of the offset and outlier elimination
from the time series. After the cleaning we obtained
an RMS of 1.4, which is an improvement of 40%
compared to the results obtained without any offset
and outlier elimination.

EPN WEEKLY WRMS
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and outliers.

The improvement 1s more than 40 %!

2. Noise analysis of the EPN series

The power spectra of the noise present in the
coordinate time series 1s characterized by a
power-law dependence on frequency f:

P f =Pof

where K 1s the spectral index and Po 1s a
normalizing constant. The spectral index can get
any Hoating number, but as the natural processes
mostly have more power at low frequencies they are
characterized by negative indices. Some integer
values are assigned to special processes, K=-2 is
called random walk, K=-1 is flicker noise and K=0 is
white noise. The right modelling of the real noise
spectra of the GPS time series 1s critical,
especially when station velocities are estimated.
According to previous studies (Mao et al, 1999,
Williams, 2003) 1t 1s incorrect to assume, like In
most of the GPS processing and combination

softwares, that the time series containes white noise
only. A direct consequence of this mismodeling 1s
the over-optimistic estimation of the coordinate and
velocity uncertainties.

In our study we used the MLE (Maximum
Likelihood Estimation) approach of the CATS
software.

After the removal of the linear and annual ferms
we e¢stimated the spectral indices of each EPN
station (Fig. 4). The obtained spectral indices
ranged between [0;-2]; the average index for all
coordinate components was near —1 (flicker noise),
clearly indicating the presence of coloured noise In
the EPN coordinate solutions.
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Fig. 4a-b-¢ [listograms of the distribution of the estimated spectral indices for the North
(a), East (b) and Up (¢) coordinate components. The 'extreme’ values (-2> k > 0) are from short series (> 1 year).

This result is in tull agreement with the ones derived
for other regional networks (e.g. Willlams et al,
2004). In addition, the spectral indices do not show
random walk type noise, which indicates the
longterm monument stability of the sites.

The histograms of the spectral indices for each
of the components are characterized by slightly
different distributions. Remarkable is the diagram
of the East component, which shows a Iless
significant peak around k=-1. When the linear and
seasonal terms are not removed the flicker noise is
much more dominating,

Using the above discussed white+coloured noise
model, we estimated the velocity uncertainties of
cach EPN station, The computed uncertaintics were
4-6 times larger than the values coming from the
white noise-only model. Since they are based on a
well-determined statistical model, our values are
considered more realistic. All results are available
from the EPN CB website (www.epncb.oma.be) for
anyone interested in geophysical interpretation.

3. Harmonic analysis

The stacking of the weekly SINEX files
eliminates the inconsistencies caused by the
reference frame changes and also removes a
regional signal related to the time variable
alignment of the regional network to the global
framc. This lattcr can be studicd through the scrics of
the parameters of the 7-parameter Helmert-
transformation  (see Fig. 2). All transformation
parameters show seasonal variation caused by the
common movement of the EPN with respect to the
global frame. However these parameters are not
helpful to extract real, station-specific information.
The residual coordinate time series, which are
obtained after the stacking, reflect better the local
behaviour of the individual stations and will be
studied in  the  following.  Using the
CATS MLE software, the phase lags and amplitudes
of the annual periodic terms were estimated.
Considering the results of the previously
described noise analysis the estimation was done
assuming the  white+flicker noise  model.
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We found average amplitudes of 1 mm both for the
North and East components and 2 mm for the Up
component, The estimated harmonic parameters
were used to create new time series plots. The
existing cleaned plots, showing the coordinate
development of the stations in the ETRS&9 frame
(with respect to the Eurasian plate) has been
retained, but the de-trended plots were replaced with
two additional plot sets. One 1s the extension of
the existing de-trended plots with the estimated
annual sinusoidal coordinate variation and the other
is the same plot, but the annual term 1s removed
from the original one (see the examples in
Fig. 5). This latter residual time series may more
clearly show the variations in the series.
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Fig. 5§ De-trended time series plots of HI'LK (Ilafelekar,
Austria). The estimated amplitude and the phase lag values of
the annual signal are given at the bottom of the plots. The
annual sinusoidal terms are indicated on both plots, but at the
right plot the annual term 1s removed from the series. Simlar
plots are available for all EPN stations at the EPN CI3 website.
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In Fig. 6a-b-¢ the normalized polar histograms of distribution. The geophysical models describing
the North, East and Up components of the the temporal variation of the solid Earth do not
estimated annual periodic terms are shown. The indicate a significant annual periodicity in the
histograms give a clear insight into the distribution horizontal components and therefore the
of the estimated phases and amplitudes. The observed distribution 1s most probably due to an
horizontal and wvertical annual signals have a artificial signal caused by e.g. processing and
completely different phase lag distribution, While modelling shortcomings. It 1s expected, that when
the horizontal components show two representative the whole EPN observation dataset will be
phase lag values of about +30 and -150 degrees re-processed with better and uniform models for
(corresponding to +1 and -5 months) the vertical the antennae phase centres and the atmosphere, the
component exhibits a more uniform phase horizontal seasonal signal will be highly reduced.
North 0 East Up 0

3] 6 b

Fig. 6a-b-c Normalized polar histograms of the estimated phase lag distribution tor the North, East and Up coordinate components.
The phase lags are expressed in months.

Considering the wvertical component on the 4. Velocity estimation
regional scale statistically we may not expect one
representative phase lag group, because the loading
variation depends on the latitude, longitude and
time. However according to independent investiga-
tions (King et al, 2005) the phase lags estimated
from the GPS data do not agree with the geophysi-
cal model predictions. Therefore the estimated EPN
vertical phase lags also suggest modelling shortcom-
ings.

Beyond the station performance, the quality of
the estimated coordinates and velocities is also
dependent on the length of the observation series. A
significant portion of the EPN sites has less than
3 years (see Fig. 1) observation history. Due to the
apparent noise and annual periodicity in the series
those sites should be treated with caution when
coordinates and velocities are estimated (Blewitt
and Lavallee, 2002). Fig. 7 shows an example of the
dependence of the estimated velocity on the length
of the observation series.

N
.

> T .
oy . 5
£ 1 |
E.. i :
Mo | { 1 ;
+ 0 . : I 'l 3 | i 5 g ¥ ;
0 | " g : ¥ 3 ! s ggfae" |
o | 1 §; g o |
H g *
§ | I ] t i} |
0~ by
h :
y |

-3 = etk —_— e —— - e —————

0 52 104 156 208
e e TR Weeks included (back from GPSwk 1325)

Fig. 7 Dependence of the estimated velocity on the available observations, when annual periodicity is present. This example is

derived from the time series of Cl11Z (Chize France), which has an annual periodic signal with 2cm amplitude at each component.
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As a compromise between targeting the highest
accuracy and responding to user needs, we decided
not to publish any velocities for sites having data for
less than 18 months. Using the procedures explained
in this paper, we compute and publish reference
coordinates and velocities of the EPN stations at the
EPN CB website. This information i1s regularly
updated.

Finally the map with the estimated horizontal
residual velocities 1s presented in Fig. 8 All
velocities are relative to the Eurasian plate, where
the NUVELITA-NNR model velocities - modified by
Altamimi to better fit to ITRF2000 - are used to
derive the intraplate velocities. The velocity
uncertainty  ellipses are derived from  the
values we computed by CATS MLE taking
the coloured+white noise model into account.

340° 0° 20° 40° 60° |
- 3/ S 60"
407 ' LB
v A <] « \

Fig. 8 The estimated EPN residual velocities wrt the Eurasian
tectonic plate. Some sites has  double velocity estimations,
where following an event (equipment change, earthquake)
the station had apparently different behaviour.

5. Summary

The EPN Time Series Special Project monitors the
weekly SINEX files, eliminates the observed offsets
and outliers and maintains a database including the
detected inconsistencies. This  database s
harmonized with the [GS discontinuity table
used for the computation of ITRF2005.
The discontinuities of the non-IGS EPN stations are
used to generate an EPN solution delivered for the
regional densification of ITRF2005. Using the
cleaned weekly SINEX files monthly updated I'TRS
coordinate and velocity solutions are published
on the EPNCB website.

Until the regional densification of I'TRF2005 will
be published, these solutions are considered as the
most accurate and up-to-date source of the ETRFE
coordinates and velocities for the EPN stations.

In this paper we presented new results of the
detailed studies concerning the analysis and
improvement of the EPN's long-term products as
coordinates and velocities. We have shown how the
performance of all stations are monitored and how
the station problems are kept track and the combined
weekly SINEX files are cleaned. The handling of the
offsets and outliers makes 40 % overall improve-
ment of the cumulative solution. We proved the
presence of the coloured noise and we computed
reliable  velocity  uncertainties. A general
harmonic analysis was done, which just called our
attention for the existing modelling problems. In the
future we plan to validate our estimation of the
vertical annual periodicities with information from
independent processing approaches (PPP by Bemese
or GIPSY) and by comparing them with real
c¢nvironmental and satellite based models. We should
note here that the unavoidable global and regional
GPS reprocessing will provide more realistic coordi-
nate time series for the further studies.
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