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Abstract. Since 1990 the European fixed station geodeticl Introduction

Very Long Baseline Interferometry (VLBI) network has been

observing on a regular basis in order to determine surfacélthough the development of geodetic Very Long Base-
motion in Europe. During the first years the network was line Interferometry (VLBI) was lead by American research
limited to central and southern Europe. With the inclusion groups, observatories in Europe were also equipped with
of Ny—AIesund on Spitsbergen and Simeiz on the CrimeanVLBI hardware and participated in intercontinental observ-
peninsula it received valuable extensions to the north and tang sessions since the seventies and eighties. The Onsala
the east. Today more than 11 years of observations allow th&pace Observatory participated as early as 1968 in transat-
determination of surface motion in Europe with high accu- lantic VLBI experiments with the Mark | VLBI system
racy. (Scherneck et al., 1998). Later when the Mark Il VLBI

. system was developed and installed, the European geodetic
Baseline measurements between the European geodet] ) e
Bl group (a community formed by members of institu-

VLBI stations are achieved with an accuracy of better than_.

) tions active in geodetic VLBI) decided to initiate a purely
2mm, plus a baseline dependent term of less than one pa : : .
- L uropean geodetic VLBI programme on a regular basis. This
per billion. Topocentric displacements of the European

} : . : programme was started in January 1990, and until Decem-
geodetic VLBI stations are determined with respect to a ceny :

) : .ber 2000, a total number of 59 purely European sessions
tral reference station. These results show evidence for hori- . . .
were carried out. The coordinator of the programme is the

zonal deformation e t0post gacal rebound nthe ot TR B T S Y ST 2
P ) P the observed VLBI data are correlated with the Mark Illa/IV

;[Steioff)léliago,z\ hg;ﬁizg?lsms(ig?nns'|('jrlmsep|\?eyrt'§2:| %%Toeﬁ);t?gr?s'correlator of the Max-Planck-Institute for Radio Astronomy
X y ' SMPIfR) in Bonn by members of the Geodetic Institute.

detected in the northern part exceed the predictions due t The t . Is of th the determi
post-glacial rebound. The subsidence at the station Medicina € two main goais of the programme are the determina-

can be explained by a combination of tectonic processes ante" of surche deformation in Europe with geodetic VLB
man-made influences. The uplift detected at Madrid has noand to provide a stable reference network for other geode-

explanation yet, while the other stations do not show signifi-técI tgclhglql.!gs gsecis|n the aeriaé €.9. smsller-ost():ale redglonal
cant vertical motion. obal Positioning System ( ) networks. served sur-

face deformations facilitate the possibility to infer litho-
Using the derived topocentric displacements, strain-rategpheric deformations, under the conditions that crust and
in Europe are determined on a large-scale. The results shovithosphere form a mechanical unit and the geodetic obser-
strain-rates with maximal values of 5.5 ppb/yr which are sig-vations are representative for the crustal deformation. This
nificantly smaller than those that have been observed in theequires of course a careful monitoring of local footprints at
eastern Mediterranean area. In the Alpine region compresthe geodetic observing sites and the corresponding site ties
sional strain-rates are observed. using collocated geodetic techniques.
This multi-national research project causes additional op-
erational costs for the participating institutions due to coor-
Correspondence tdR. Haas (haas@oso.chalmers.se) dination, scheduling, shipping of magnetic tapes, data pro-
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Fig. 1. The fixed station European geodetic VLBI network in 2000. Signals in two frequency bands are observed, digitised, and
recorded on magnetic tapes together with precise time infor-
mation by the local frequency standards. Several such obser-
ggtions are performed utilising different radio sources, thus

cessing etc. Since these costs are beyond the regular bu . : . X .
gets, the European geodetic VLBI group applied for Supportgeneratlng different geometries. The magnetic tapes with the
! recorded signals are sent to a central signal combination fa-

by the European Commission (EC). During the years 1993- " .
12;96 the prgject received gran(ts fr)om the ?EC inythe “Fourthc'“ty’ called the correlator, where the recorded signals are

Framework Programme for Research and Technical I:)evelpombmed pairwise, thereby forming an interference pattern.

opment’. The second phase of the project (1996-2000) iThe outputs of the correlation process are propagation de-
sSpportéd by the EC inpthe “Trainingparjld Mobility of Re- ?ays of the observed wave fronts on the individual baselines,
” . ) ‘which in a further step can be used for geodetic analysis. See
searchers” (TMR) programme. The grant includes five tem Sovers et al. (1998) for more details on the VLBI technique.

porary post-doctoral visiting researcher positions in four dif- The first two European VLBI observatories equipped with

ferent participating countries. More details on managing an . :
funding the European geodetic VLBI network can be founddMark Il hardware for precise geodetic VLBI measurements

. were Onsala and Effelsberg which performed their first
in Campbell (1995), Campbell (1996), and Campbell (1997)'Mark Il observations in 1983. At that Ft)ime Effelsberg was

only supplied temporarily with a Mark Il terminal on loan
2 The European geodetic VLBI network for testing purposes. From 1991 onwards all hardware com-

ponents for precise geodetic observations were available per-
In the year 2000 the fixed station European geodeticmanently on-site at Effelsberg and observations were made
VLBI network consisted of 10 stations: Onsala (Swe- possible. Nevertheless Effelsberg can only participate once
den), Effelsberg (Germany), Wettzell (Germany), Medicina or twice per year in geodetic VLBI sessions since the 100 m
(Italy), Madrid (Spain), Noto (ltaly), Matera (Italy), Simeiz telescope is highly demanded for astronomy.
(Ukraine), NyAlesund (Norway) and Yebes (Spain). Table1 ~ With Wettzell coming on line in late 1984 the first
lists the VLBI sites, the size of the telescopes and the operroutine observations within intercontinental geodetic VLBI
ating institutions while Fig. 1 displays the current configura- sessions were started. In the late-eighties, the Italian stations
tion of the network. Medicina, Noto and Matera and the NASA Deep Space

Figure 2 depicts the temporal evolution of the participation station near Madrid (Spain) were completed. In 1994 the

of European VLBI stations in high precision geodetic mea-two stations Simeiz and Njdesund extended the geodetic
surements. Pre-requisites for precise geodetic VLBI meanetwork to the east and to the north. With the Yebes
surements are that the stations are equipped with a Mark libbservatory, an additional observatory in Spain is in line
VLBI system, S/X-band receivers for simultaneous obser-for routine observations in the European network since 1995.
vations at two frequencies to be able to compensate for the
ionospheric propagation delay, and a hydrogen maser atomic Figure 3 shows pictures of the radio telescopes used in the
clock for precise time keeping and frequency generation. In éEuropean geodetic VLBI network. Two of them, the tele-

E ffelsber g.

minimum configuration two radio telescopes forming a base-
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Fig. 3. The radio telescopes of the fixed station European geodetic VLBI netf@ylOnsala (20 m)(b) Effelsberg (100 m)(c) Wettzell
(20 m), (d) Medicina (32 m){(e) Madrid (34 m),(f) Noto (32 m),(g) Matera (20 m)(h) Simeiz (20 m){i) Ny-Alesund (20 m) andj) Yebes
(13.7m). The telescopes at Onsala and Yebes are enclosed in radomes.

Table 1. European geodetic VLBI stations with name, diameter D of the telescopes and operating institution

Station D [m] operating institution
Effelsberg 100.0 Max-Planck-Institufif Radio-Astronomie, Bonn, Germany
Madrid 34.0 Consejo Superior de Investigaciones Gfieas (CSIC),
NASA Deep Space Communications Complex (MDSCC), Madrid, Spain
Matera 20.0 Instituto di Tecnologia Informatica Spaziale (ITIS), Agenzia Spaziale Italiana (ASI), Matera, Italy
Medicina 32.0 Istituto di Radioastronomia, C.N.R. Bologna, Italy
Noto 32.0 Istituto di Radioastronomia, C.N.R. Bologna, Italy
Ny-AIesund 20.0 Geodetic Institute of the Norwegian Mapping Authority (GI/NMA), Norway
Onsala 20.0 Onsala Space Observatory (OSO), Chalmers Tekrigjskdla (CTH), Sweden
Simeiz 22.0 Crimean Radio Astrophysical Observatory, Simeiz, Ukraine
Wettzell 20.0 Bundesamiif Kartographie und Geédie (BKG) — Fundamentalstation Wettzell, Germany
Yebes 13.7 Centro Astr@mico de Yebes, Observatorio Ast@mico Nacional, Guadalajara, Spain

scope at Onsala and the telescope at Yebes are enclosed 8- The geodynamic situation in the area covered by the
side radomes to protect the delicate reflector surfaces, be- European geodetic VLBI network
cause these telescopes are also used for astronomical mm-

VLBI observations. The area covered by the network extends from the Spitsber-

gen archipelago in the North to the island of Sicily in the

South, and from the Iberian peninsula in the West to the
Routine observations in the network started with three sesCfimean peninsula in the East. In a geodynamical sense it
sions each in 1990 and 1991. For the following years sixCan be divided into three main units which are the northern,

sessions per year were planned. In 1993 only four of theni€ central, and the southern part.

could be observed due to correlator capacity problems. Itis The northern part of the network encompasses the Spits-
planned to increase the number of observation sessions péergen archipelago and Fennoscandia. It was covered by a
year from 2000 onwards, given that the necessary correlatosubstantial ice sheet in the Pleistocene. Since the vanish-
capacity is available. Table 2 lists all 59 sessions observedhg of this ice shield about 10 000 years ago, this area is un-
until December 2000 with date and participating stations. der glacial isostatic adjustment and reacts with surface de-
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Table 2. European geodetic VLBI sessions between January 1990 and December 2000 with the date of observation and the participating
stations. The abbreviations for the stations are:

We = Wettzell (Germany), On = Onsala (Sweden),

Me = Medicina (Italy), Ma = Madrid (Spain),

No = Noto (ltaly), Mt = Matera (ltaly),

Ef = Effelsberg (Germany), Mv = Mobile VLBI unit,

Si = Simeiz (Ukraine), Ny = Ny&lesund (Norway),

Ye = Yebes (Spain), Ti = Tigo transportable VLBI station

at Wettzell (Germany)

Euro-01 01/26/90 We On Me Ma No
Euro-02 05/09/90 We On Me Ma No Mt
Euro-03 20/12/90 We On Me Ma No Mt

Euro-04 06/01/91 We On Ma Mt

Euro-05 08/09/91 We On Me Ma No Mt

Euro-06 01/12/91 We Me Ma Mt Ef

Euro-07 14/01/92 We On Me Ma No Mt

Euro-08 08/04/92 On Me Ma No Mt

Euro-09 12/05/92 Me Ma Mt Mv
Euro-10 07/07/92 On Me Ma Mt Mv
Euro-11 03/11/92 We On Me Ma Mt

Euro-12 01/12/92 We On Me Ma Mt  Ef

Euro-13 16/02/93 We On Me Ma No Mt

Euro-14 27/04/93 We Me Ma No Mt

Euro-15 18/08/93 We On Me Ma Mt

Euro-16 11/12/93 We On Me Ma Mt  Ef

Euro-17 09/02/94 We Me No

Euro-18 27/04/94 We On Me Ma No Mt Ef
Euro-19 29/06/94 We On Me Ma No Mt

Euro-20 31/08/94 We On Me Ma No Mt Si

Euro-21 26/10/94 We On Me No Mt Ef Si Ny
Euro-22 28/12/94 We On Me Ma No Mt Ny
Euro-23 01/02/95 We On Me Ma No Mt Si Ny
Euro-24 12/04/95 We On Me Ma No Mt Ef Si Ny
Euro-25 08/06/95 We On Me Ma No Mt Si Ny Ye
Euro-26 31/08/95 We On Ma Ny
Euro-27 09/11/95 We On Me Ma No Mt

Euro-28 06/12/95 We On Me Ma No Mt Ef Ny
Euro-29 07/02/96 We On Me Ma No Mt

Euro-30 25/04/96 We On Ma Si Ny
Euro-31 12/06/96 We On Ma No Mt

Euro-32 09/09/96 We On Ma No Mt

Euro-33 03/11/96 We On Me Ma No Mt Ef Ny Ye
Euro-34 05/12/96 We On Me Ma No Mt Ef Ny Ye
Euro-35 29/01/97 We On Me Mt

Euro-36 17/03/97 We On Me Mt Ye
Euro-37 16/06/97 We On Me No Mt Si Ny Ye
Euro-38 25/08/97 We On Me No Mt Si Ny
Euro-39 30/10/97 We On Me Ma No Mt Si Ny
Euro-40 08/12/97 We On Me Ma No Mt Ef Si Ny
Euro-41 02/02/98 We On Me Ma No Mt Si Ny Ti
Euro-42 20/04/98 On Me No Mt Si Ny
Euro-43 22/06/98 We On No Mt Si Ny Ti
Euro-44 17/08/98 We On Me Mt Si Ny Ti
Euro-45 12/10/98 We On Me Ma No Mt Ny

Euro-46 14/12/98 We Me Ma No Mt Ef Si Ny Ti
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Table 2. continued ...

Euro-47 01/02/99 We On Me No Ny Ti
Euro-48 26/04/99 We On Me Ma No Mt Ny Ye
Euro-49 28/06/99 We On Me Ma No Mt Ny Ye Ti
Euro-50 16/08/99 We On Me Ma No Mt Ny Ye Ti
Euro-51 11/10/99 We On Me Ma No Si Ny Ye Ti
Euro-52 13/12/99 We On Me Ma No Mt Ef Si Ny Ye
Euro-53 27/01/00 We On Me No Mt Ny Ye Ti
Euro-54 07/02/00 We On Me No Mt Ny Ye Ti
Euro-55 16/03/00 We On Me Mt Ny

Euro-56 15/05/00 We On Me No Mt Ye Ti
Euro-57 07/08/00 We On No Mt Ny

Euro-58 04/09/00 We On Ma No Mt Ny

Euro-59 07/12/00 We On Me Ma Ef Ny

formation. The centre of the previously glaciated area isthe central and northern Apennines, the subduction of thin
mainly affected by vertical deformation (Mitrovica et al., Adriatic lithosphere is still ongoing and allows a roll-back
1994). Horizontal deformation encompasses predominanthof the hinge (Gueguen et al., 1998). Due to these different
the periphery of the former ice shield, at the transition from migration rates, the Apennines front was split in two “sub-
the central ice dome to the fore-bulge area (Mitrovica et al.,arcs”. Therefore the precise determination of the motion of
1994). These horizontal deformations are sensitive to thehe Adriatic plate is fundamental to understand the present-
thickness of the lithosphere and the upper mantle viscosityday evolution of the Apennines system. Five of the European
(James and Morgan, 1990), (Mitrovica et al., 1994), (Milne geodetic VLBI stations are located in the western Mediter-
et al., 2001). For the centre area, maximum uplift rates ofranean region.

12 mm/yr are predicted and the maximal horizontal deforma-

tion in the fore-bulge area is predicted to be 2 mm/yr (Mitro-

vica et al., 1994). The two VLBI stations Onsala and Ny- 4 Data analysis and results for crustal motion

Alesund are located in the post-glacial rebound area.

The central part of the network north of the Alpine system The European geodetic VLBI sessions from 1990 to mid
can be regarded as the essentially “stable” part of Europe al2000 were analysed with the VLBI data analysis software
though this part includes a zone of crustal weakness along thpackage CALC/SOLVE/GLOBL (Ma et al., 1990). The anal-
Rhine graben (Ziegler, 1992) and shows evidence for lightysis strategy used is a so-called “baseline-solution” and is
tectonic activity (Vanneste et al., 1999). The two VLBI sta- described by Haas et al. (2000). Each observation session
tions Wettzell and Effelsberg are located in this central partis treated separately in a least squares adjustment and sta-
of the network, south of the post-glacial fore-bulge area, andion coordinates are estimated for each station participating
north of the Alpine system. in the session. VLBI is a differential technique observing

The southern part of the network encompasses the wesguasars at effectively infinite distance of the earth (Sovers
ern Mediterranean region. The evolution and dynamics ofet al., 1998). Therefore the coordinates of a reference sta-
the Mediterranean area have been described by Mueller anion have to be kept fixed in the adjustment of the obser-
Kahle (1993). According to &hault et al. (1984), Dewey Vvations. Additionally, the earth rotation parameters have to
et al. (1989), Albarello et al. (1995) and Gueguen et al.be fixed to permit the estimation of all other station coordi-
(1998), the western part is dominated by the evolution ofnates. For the analysis we adopted earth rotation parameters
the Maghrebides-Apennines system and its related back-aref the EOP(IERS) C04-series of the International Earth Ro-
basin. However, the driving mechanism is still controver- tation Service (IERS) (IERS C04, 2000) together with radio
sial. When the subduction of the European margin under thesource positions from a recent global VLBI solution (NASA
Alps reached the collision stage, a flip of subduction resultedGSFC, 1999).

(Doglioni et al., 1997), (Gueguen et al., 1998). The Apen- Atime series of geocentric station coordinates results from

nin subduction began, starting at the front of the back-thrusthe individual least squares adjustments and allows to com-
belt of the Alps. At first, the Apennin subduction quickly pute the baseline components between individual stations
migrated eastward. But when the Apenninic front reachedfor each epoch. The time series of baseline lengths and
the thicker continental crust of the Apulia Platform at about baseline components gives insight into the repeatability of

10 Ma ago, a drastic change of the geodynamic setting of théhe measurements and the quality of the individual sessions.
Apennin system followed. The migration of the subduction Topocentric station drifts components can be inferred from

hinge slowed down in the southern Apennines, whereas irthe time series of geocentric station coordinates.
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Fig. 4. Baseline length repeatability in the European geodetic VLBI network. Baselines involving Simeiz are depicted with circles, those
involving Yebes are depicted with squares, all other baselines are marked with asterisks. The regression line including the baselines with
Simeiz and the baselines with Yebes is shown as dashed line while the regression line excluding baselines with the two stations is depictec
with a solid line.

Table 3. Baselines to Wettzell: number of observation sessions n,fsma” compared to intercontinental networks and therefore it

baseline length | in [km], baseline length rate r in [mm/yr] with stan- 1S @PPropriate to adopt Earth orientgtion parameters from the
dard deviation, weighted root-mean square error (wrms) in [mm]/ERS for the purpose of our analysis.

and relative accuracy a in [ppb] . . )
4.1 Baseline length results and their evolution

Baseline n | r wrms a

There are 45 baselines in the network with baseline lengths
Wettzell-Effelsberg 13 457 -14+10 27 59 between 99 and 4580km. For each baseline the baseline
Wettzel-Medicina 46 522 -22£04 25 45 o 5 1i0n has been calculated by linear regression of indi-

wggzg:::agf;l: 281 ggg :ggigg g; g:g vidual determinations. Figure 4 displays the repeatabi]ities
Wettzell-Noto 42 1371 -454+04 31 23 of the baseline measurements. They are shown_ as welghted
Wettzell-Yebes 13 1575 408422 34 22 root-mean square errors (wrms) of the regression lines for
Wettzell-Madrid 41 1655 +02+04 27 16 baseline evolution against the corresponding baseline length.
Wettzell-Simeiz 18 1684 +0.8+77 88 52 Baselines including the stations Yebes and Simeiz show sig-

Wettzel-NyAlesund 31 3283 +09+12 48 15 nificantly worse repeatabilities than the other baselines. Both
stations have rather a short observation history and suffered
from many technical problems which explains their low per-
formance. When excluding the baselines that include Yebes
and Simeiz, the repeatability of baseline measurements in the

The baseline length results have the advantage of being, teBuropean geodetic VLBI network is as good as 1.9 mm plus

first order, invariant to changes of the earth orientation pa-an additional term depending on the baseline length of less
rameters (EOP). Thus, any precise EOP series is a sufficiethan one part per billion (ppb).

basis if only baseline lengths are considered. This is not true The station Wettzell has been used as a reference station
if topocentric station coordinates and their evolution are in-for the analysis, due to its central position in the network.
ferred from the geocentric coordinates since in that case th@able 3 shows the results for all baselines including Wettzell,
particular EOP series affects the orientation of the networkwith the number of observation sessions per baseline, the
Therefore small rotations about the reference point that wadaseline length, the baseline length rates and their standard
fixed in the solution are introduced. This effect scales withdeviations, the wrms of the regression lines, and the relative
the extension of the network. The European network is ratheaccuracy in parts per billion. Figure 5 displays the individual
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Fig. 5. Baselines in the European geodetic VLBI network including Wettzell and their temporal evolution.

observations and the corresponding regression lines. Sinceal station coordinates according to the NUVEL-1A-NNR

there have been track and wheel replacements at the thrgdate tectonic model (De Mets et al., 1994). Thus, the sta-
stations Medicina, Effelsberg, and Madrid, discontinuities intion coordinates were referred to a European fixed system.
the baseline length evolution have been introduced at thes€&€ransformation from Cartesian into ellipsoidal coordinates
times and the corresponding offsets have been estimated tgielded time series for each station for east and north com-
gether with the regression lines. It can be seen that the bas@onent and ellipsoidal height. These time series were then
lines with sufficient long observation history give excellent used to determine horizontal and vertical station velocities
results, with significant baseline length rates and low wrmswith respect to the Eurasian plate. Fixing the motion of one

values. site to a continental drift model such as NUVEL-1A-NNR,
and using high accuracy Earth rotation parameters from ex-
4.2 Topocentric station movements ternal sources such as the EOP(IERS) C04-series of the In-

ternational Earth Rotation Service (IERS) (IERS C04, 2000)
In addition to the baseline length results, we also determinegblaces a reliable bound on the long term drift of the Euro-
topocentric station drift components. The least squares adpean continent as represented by the observing sites. Only
justment of the VLBI data set yielded a time series of geo-the Earth rotation parameters have an effect on the determi-
centric station coordinates for all stations involved except thenation of the drifts of the stations relative to Wettzell. Since
reference station. In order to refer all results to a single ref-the long term stability of Wettzell appears to be extremely
erence station we had to exclude three sessions in 1992 arréliable from global solutions (NASA GSFC, 1999) and the
one in 1998 from the analysis, since they do not include datsshort term variations only increase the scatter of the results,
of Wettzell which we used as reference station. The globatthe drift vectors deserve a high level of confidence. Ta-
drift of the European plate was subtracted from the individ- ble 4 lists the results for topocentric velocities which are also
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Fig. 6. Observed horizontal motions in [mm/yr] with respect to Wettzell are shown as vectors with error eIIipses./ﬁesNyel and Onsala
the PGRM predictions (see text) are depicted as vectors without error ellipses.

Table 4. Horizontal and vertical velocities in [mm/yr] and weighted root-mean square error (wrms) in [mm] observed in the European
geodetic VLBI network

Station east wrms north wrms vertical wrms
Effelsberg +0.34+0.3 25 —-11+04 30 +104+26 10.8
Madrid +0.6+0.2 3.1 00+0.3 32 +20+08 13.2
Matera +1.6+0.1 24 +414+0.2 25 +02+06 111
Medicina +214+0.2 21 +174+03 22 27409 7.7
Noto —-0.14+0.2 30 +454+0.2 31 -05+07 8.6
Ny-,&lesund -214+04 48 -06+07 44 +59+18 13.8
Onsala -1.14+02 26 -08+0.2 33 +18+07 154
Simeiz +15+1.1 7.3 +14+11 29 -08+45 40.1
Yebes +0.44+0.7 41 -22+07 32 +11+33 139

shown in Fig. 6 and Fig. 7. The figures also show predictionsPeltier (1991), however using mobile coast-lines, which were
of topocentric velocities due to post-glacial rebound. Theseterated at each time step (1 kyr) by constraining the available
values were calculated using the ice model by Tushinghanmoceanic water. In the following these predictions will be re-
and Peltier (1991) and applying the formalism of Mitrovica ferred to as post-glacial rebound model (PGRM) predictions.
et al. (1994). A lithospheric thickness of 120 km was used,Since the observed motions are with respect to Wettzell, for
elasticity and density of the PREM model (Dziewonski and consistency purposes also the PGRM predictions are calcu-
Anderson, 1981) were adopted, and values ok110?1 Pas  lated with respect to Wettzell.

and 2.0« 10?1 Pas were used for the viscosities of the upper

and lower mantle, respectively. The sea-level equations ha\ff The two northern stations Nidesund and Onsala show

orizontal motions relative to Wettzell that are deviating

been solved according to the suggestions by Mitrovica an e o
g 99 y rom the PGRM predictions. Nesund and Onsala move
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Fig. 7. Observed vertical motions in [mm/yr] with respect to Wettzell are shown as vectors with error bars. PGRM predictions (see text)
are depicted as vectors without error bars. The stationqgayély-Alesund,(b) Onsalac) Effelsberg,(d) Medicina,(e) Matera,(f) Noto,
(g) Madrid, (h) Yebes andi) Simeiz.

by 22 + 0.4mm/yr with azimuth 2540 + 17.9° and by Ny-AIesund shows a large uplift of 8 mm/yr with respect
1.4 + 0.2 mm/yr with azimuth 230 + 8.4° with repect to  to Wettzell while the PGRM prediction relative to Wettzell
Wettzell, while the PGRM predictions are0Imm/yr with is only L3 mm/yr. Further investigations are necessary to
azimuth 2715° and Q9 mm/yr with azimuth 193°, respec-  confirm a possible local or regional reason for this large uplift
tively. For Ny-Alesund the magnitude deviates more than rate. The uplift of 18 mm/yr detected at Onsala is also larger
the direction, whereas for Onsala the direction deviates mor¢han the the PGRM prediction of@mm/yr.

than the magnitude. The results for vertical motion of Effelsberg, Simeiz and

Madrid does not show significant horizontal movement Yebes have still large standard deviations due to low number
with respect to Wettzell, indicating that currently there is of observations and technical problems, respectively, and are
no larger tectonic motion between central Europe and thenot statistically significant.
Iberian peninsula. The observed horizontal movement of The detected subsidence at Medicina can be explained by a
Yebes is not to be regarded as significant due to the low percombination of tectonic processes and man-made influences.
formance of this station. This area underwent a strong subsidence of up@artn/yr

The determination of horizontal movements for Effelsberg during the last 5 Ma (Doglioni, 1994) and suffered from ex-
and Simeiz suffers from a restricted number of observationgraction of ground water and gas in the Po valley (Tomasi
for the first site, and from poor measurement accuracy for theet al., 1997), even if these effects have been reduced in re-
second site. Nevertheless the horizontal motion of Effelsbergent years (Zerbini et al., 2001). The two other Italian sta-
appears to be significant from zero, showing a movement otions, Matera and Noto, do not show statistically significant
1.1 + 0.4 mm/yr with azimuth 164 + 15.5°. vertical site displacements.

The Italian stations show the largest horizontal site mo- The uplift at Madrid most probably does not have any tec-
tions in the European geodetic VLBI network' From South toniC but rather a |Oca| explanation. An Up“ft Of Only about
to north the magnitude and direction of motion with respect0-6 mm/yr relative to Wettzell can be explained by the PGRM
to Wettzell changes and indicates different geodynamic situPredictions.
ations. Noto appears to be strongly affected by the African For the VLBI data analysis we assumed zero vertical mo-
convergence moving northward by54+ 0.2 mm/yr with tion at Wettzell and all vertical results given are relative to
azimuth 3587 + 2.5°. Matera shows evidence to repre- Wettzell. Any “real” vertical motion at Wettzell, which can-
sent the displacement of the Adriatic plate with a motion not be excluded, has to be taken into account if one wants to
of 4.4 + 0.2 mm/yr with azimuth 28 + 1.5° with respect derive absolute vertical changes. However, we do not expect
to Wettzell. The Medicina station is situated in the Po Wettzell's vertical motion to be any larger than 0.5 mm/yr
valley right on the front of the Apennines and in a com- from precise spirit levelling of the German survey authori-
plex geodynamic situation. This station shows a motion ofties (Schiiter, pers. communication, 1999). The PGRM pre-
2.7 £ 0.2 mm/yr with azimuth 50 + 5.6° with respect to  diction for Wettzell is a slight subsidence afl@ mm/yr and
Wettzell. has been taken into account for the calculation of the PRGM
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Table 5. Topocentric displacements in [mm)] due to track and wheel repair at the stations Medicina, Effelsberg and Madrid

Station date east north vertical
Medicina  1996.07.01 —3.3+23 23+25 117+9.2
Effelsberg 1996.10.01 16+ 184
Madrid 1997.04.30 -128+3.0

Table 6. Annual signals in station displacements. The amplitudase in units [mm] while the phaseésare in units [day of year]

Station east north vertical

o ¢ o ¢ o ¢
Madrid - - - - 49427 187+32
Matera - - 12406 246+30 56+22 93422
Medicina - - 13+05 3184+24 40+20 157427
Noto - - - - 32+24 137444

Table 7. Large-scale strain-rates in Europe. The eigenvadyesde, of the strain-rate tensor are given in units [ppb/yr], the azimuth of the
strain-rate ellips@ is given in P]

Triangle and stations included €1 €2 0
1 Ny-Alesund Onsala  Madrid B85+£0.72 —0.12+0.15  2566+5.10
2 Ny-,&lesund Onsala Effelsberg  .47+1.08 035+0.53 2407+29.80
3  Ny-Alesund Simeiz Wettzell B88+0.47 —0.18+0.56 2781+37.50
4 Ny-Alesund  Simeiz Onsala 405+0.40 —0.20+0.68 27260+65.13
5 Onsala Wettzell Madrid .014+0.29 —-0.72+0.14 1326+6.09
6 Onsala Wettzell Effelsberg —0.23+£0.42 —1.03+0.61 30334+51.06
7 Onsala Simeiz Wettzell 07+0.64 —0.89+0.54 1693+17.28
8 Effelsberg Madrid Wettzell 04+0.26 —251+0.85 33552+9,90
9 Effelsberg Wettzell Medicina —1.45+0.59 —4.19+0.68 2743+10.10
10 Wettzell Medicina Madrid »1+0.29 —3.98+0.58 808+2.56
11 Wettzell Matera Medcina —3.62+0.19 —-547+0.76 7144+43.50
12 Wettzell Simeiz Matera .08+0.66 —4.77+0.43 1206+4.21
13 Medicina Noto Madrid U4+0.18 —4.15+0.21 32863+1.54
14  Medicina Matera Noto 37+0.65 —4.36+0.27 32891+2.36
15 Simeiz Noto Matera @83+0.58 —-2.71+0.89 30104+16.87

predictions relative to Wettzell. In any case, for the strain- of topocentric station drifts. Since VLBI telescopes are large
rate analysis presented later, the important information is themetal and metal-reinforced concrete constructions, there can
relative motion. be thermal deformation effects with a predominant annual
behaviour. Climate related phenomena may also have effects
4.3 Station displacements due to track and wheel repair andn the station positions, associated to an annual signature.
annual signals Table 6 lists the estimated annual signals that were tested to
be statistically significant, annual amplitudesn [mm] and
As already mentioned earlier, it was necessary at the threehe corresponding phasgsn [day of year] are given.
stations Medicina, Effelsberg, and Madrid to repair the tracks
and wheels on which the telescopes run. This caused abrugt4 Large-scale strain-rate analysis
displacements of the stations. Therefore we included dis-
continuities for the analysis of topocentric drift rates and es-Based on the derived topocentric station movements, we de-
timated the corresponding displacements from the geodetitermined large-scale strain-rates in Europe. For this purpose
VLBI data itself. Table 5 shows the estimated displacementghe network was split up into individual finite triangle el-
that have been tested to be statistically significant. ements each constructed by three nearby stations (Altiner,
Furthermore we introduced annual signals in the analysisl996). The station Yebes was left out from these calculations
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Fig. 8. Large-scale strain-rates in Europe observed with the European geodetic VLBI network.

due to its low performance. The three-dimensional surfacesee Table 7 and Fig. 8. Standard deviations of the strain-rate
strain-rate tensor in each finite triangle was calculated usparameters were calculated using the standard deviations of
ing the three-dimensional topocentric station displacementshe topocentric station motions of the three corner stations of
of the corner stations, the covariant metric tensor of the geoeach finite element.

graphical coordinates and the corresponding Christoffel sym-  None of the derived strain-rates does exceed 5.5 ppbiyr.
bolg. The “tangential” part of the three-dir_nensional surfaceThe observed strain-rates in the European geodetic VLBI
strain-rate tensor was then transformed into a local Cartepenyork are significantly smaller than those that have been
sian coordinate system on the reference ellipsoid with ori-gpserved in the eastern Mediterranean for example by cam-
gin in the centre of each finite element. The eigenvalues Ofpaign based observations using GPS (Kahle et al., 1999). The
the tangential surface strain-rate tensor and the orientation qgrgest strain-rate is of compressional type with 5.47 ppbl/yr
the strain-rate ellipse were calculated for each finite elementg, 4 is detected in the triangle #11 (Wettzell, Matera, Medic-



150 R. Haas et al.: Large-scale strain-rates from European geodetic VLBI

ina). The three triangles #6 (Onsala, Wettzell, Effelsberg),is restricted to directions and common features in the stress
#9 (Effelsberg, Wettzell, Medicina) and #11 (Wettzell, Mat- and the strain-rate fields. @mthal and Stromeyer (1992)
era, Medicina) show only compressional strain-rates. In conpresent the stress pattern in central Europe in a broad sense,
trast, the triangle #2 (Nﬁclesund, Onsala, Effelsberg) shows displaying trajectories of maximum horizontal stress. They
only extensional strain-rates. All other triangles show bothdescribe a NW-SE directed compression in western central
type of strain-rates. The strain-rates are extremely small irEurope and a fan-like pattern of compressive stresses at right
the northeastern part of the network while they are largest irangle to the arc of the Western Alps. To some degree we can
the central and western Mediterranean of the network. Thaletect similar directions from our strain-rate results.
strain-rates are determined with uncertainties of 10% to 30%

in triangles including stations with well determined topocen-
tric motion. Triangles including stations with less well deter-
mined topocentric motions give strain-rate results with un-
certainties in the range of 60% to 90%, or not statistically
significant at all.

6 Conclusions and outlook

The European geodetic VLBI network has now been oper-
ating for more than 11 years, and has matured to a reliable
and highly accurate geodetic observing network. Baseline
measurements are possible with a measurement accuracy of
1.9 mm, plus an additional term depending on baseline length

The strain-rates observed with the European geodetic VLBP 1€sS than 1 ppb. Remarkable results are achieved for hori-
network represent integrated values over large areas of finitéontal and vertical ;tatlon mouo_ns, that are used to determine
triangles that contain different tectonic structures. Thus, it isthe large-scale strain-rate field in Europe. The results can be
difficult to compare our results to smaller scale strain-rate ob-US€d to infer upper bounds on present-day tectonics in Eu-

servations from other geodetic techniques or even local stres©P€ in the area covered by the VLBI network. We observe
from geological observations. maximum strain-rates on the level of 4-5 ppb/yr with uncer-

5 Discussion and comparison to independent results

Our results for maximum strain-rates are on the level oft@inties in the range of 10-20%.
4-5 ppblyr in the triangles formed by the Italian stations and  Since VLBl is a precise technique using stable instruments
Wettzell. This is in contradiction to the result of 13 ppb/yr @nd having a long observational history, it may serve as a
extensional strain-rate from VLBI observations in the trian- Precise reference for the geodetic densification in Europe on
gle formed by the three Italian stations as reported by Wardegional and local scale. Strain-rate analysis for Europe can
(1994). The study by Ward (1994) used only VLBI data un- be improved from combinations of different space geodetic
til end of 1993 and therefore suffers from too few observa-techniques, of VLBI and the much denser spaced GPS net-
tions for the Italian stations in order to represent reliable andvorks. Work is in progress to combine the results from Euro-
significant results. On the other hand, there is good agreePean geodetic VLBI with results from continuous GPS net-
ment between our results for this region and the value ofworks like the BIFROST project in Fennoscandia (Scherneck
4.1 + 0.8 ppblyr for Italy published by Ward (1998). The etal., 2001).
results by Ward (1998) have been obtained from a combined At present, improvement of the accuracy of the VLBI mea-
analysis of VLBI, GPS and Satellite Laser Ranging (SLR) surements is continuing. Investigations are concerned with
results provided by international contributors. Devoti et al. optimising the equipment, the observing strategies, the re-
(2000) give strain-rate results from an Italian GPS networkfraction models and the analysis methods. This includes the
of 5-10 ppb/yr for the Tyrrenian region. Their results agreegeodetic monitoring of the telescope reference points, appli-
quite well in magnitude and orientation with our results. cation of atmospheric loading effects and corrections due to

In the western Mediterranean area we observed strainthermal deformation of the radio telescopes.
rates on the level of 2—4 ppb/yr in triangles formed by Span- In the future we hope to extend and densify the European
ish, Italian and central European stations. Ward (1998) ob-geodetic VLBI network. In particular a further extension to
tained a value of 2 £ 1.0 ppb/yr for this area which is in the east and the north is desirable. Existing or planned astro-
agreement with our results. Calais (1999) reported a maxinomical VLBI stations in that area, like Métisovi (Finland),
mum strain-rate of 30 ppb/yr from three years of continuousSvetloe (Russia), Torun (Poland), and Irbene (Latvia) may be
GPS measurements in the western Alps, thus contradictingood candidates. This would allow a better tie to the stable
the results by Ward (1998) and our results. The results byeastern part of the European plate, and an improved determi-
Calais (1999) might indicate a smaller-scale tectonic featurenation of post-glacial rebound effects. The M#gtsvi station
in that area which is not resolved from the other solutions. is currently being upgraded and will be able to participate

The comparison of geological stress observations with then the observations in 2002 (Pounonen, pers. communica-
strain-rates derived from space geodetic methods faces thtgon, 2001). Also a densification in the southern part is de-
difficulty of comparing local observations with large-scale sirable. Construction work of a new radio-telescope on the
integrated values. The World Stress Map (WSM)i{Mr island of Sardinia (Italy) has already started and the inclusion
et al., 2000) gives local stress directions and stress regimesf this new station will strengthen the network in the western
but no magnitudes. The comparison to geodetic strain-rateMediterranean area.
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