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1. INTRODUCTION

History of detailed geokinematical monitoring infD&l Europe started about 1992 when the
GPS observation technique became broadly avail&8lohee that time the countries in Central
Europe and Balkan Peninsula are covered by mangnalgand national or local epoch, and
later on also by permanent GPS networks relatedetmkinematical investigations. The
history, purpose, observing schedule, instrumeortatetc. of these networks is variable,
dependent on scientific intents, methodology, faianability, etc. Usually these networks
were processed and analyzed completely indepenydemdl were yielding to regional or local
velocity fields not fully mutually comparable.

It is evident that for geokinematical research éxassary to have complex homogeneous
information about the whole region of interest. HfeN (EPN, 2008) or CEGRN (Fejes and
Pesec, 2003) velocity fields are examples of sumindgeneous networks but they are not
sufficiently dense concerning the regional distiifnu of sites with velocities. Simple
combination of various individual velocity fieldato unique system is not straightforward
because of different realizations of reference &sndlifferent sets of reference sites, different
epochs and various accuracy and quality of the tigata. The optimum choice is a
combination using the SINEX formatted results; hesvesuch outputs from ‘historical’ data
are mostly not available. In this paper we willadiss the geokinematics of Central Europe
and Balkan Peninsula on the basis of results frohividual networks using the combination
method of horizontal velocity fields described kbefty, 2007). The velocity field discussed
in this paper is obtained by compiling 10 sets elbeities. After combination procedure the
velocities will be smoothed and interpolated bystesquares collocation and finally used for
evaluation of horizontal surface deformations.

2. VELOCITY FIELDS USED FOR COMBINATION

Firstly we will shortly describe the velocity fiddvhich were used for homogenisation into
one set of velocities referred to the unified refee. We emphasise that the input velocity
fields are of different origin, epoch, resultingrn various observing schedules and analysis
procedures; however, the combination method wilhsoder majority of the individual
behaviour of the input velocity data sets. The naetailed information about the input data
is summarized in (Hefty, 2007).
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EUROPEAN PERMANENT NETWORK

In the region of our interest are situated mora th@ EPN permanent stations for which the
site velocities are estimated within the projece TEPN Coordinate Time Series Analysis
(EPN, 2008). These data represent the most stalolehamogeneous velocity field in the

region; the sites are distributed all over the ehelritory, even though not quite uniformly.

These velocities will be further used as the refeeefor linking other velocity fields as there

is available a sufficient number of identical sitesluded in EPN and in local velocity fields.

CERGOP VELOCITY FIELD

The velocities evaluated from epoch-wise obsermatiwithin the CERGOP and CERGOP-
2/Environment (Fejes and Pesec, 2003) are covdrmwhole territory of Central Europe and
Balkan. The solution based on observations fromd162007 is summarized in (Caporalli et
al., 2008). Totally 9 epoch network campaigns pemnéd annually or biannually were
combined to yield site coordinates and velociti€ee final combined solution contains
velocities of 61 sites related to ITRF2000, amdmgnt are 29 permanent EPN stations; their
data were processed in the same mode as other s{adicims.

NETWORK OF PERMANENT STATIONS IN CENTRAL EUROPE AND BALKAN
PENINSULA

The network of permanent stations situated in @erfBurope and Balkan Peninsula is
analyzed within the CERGOP-2/Environment projecicsi the beginning of 2003 (Hefty,
2006). The network comprises more than 50 permastatibns, mainly EPN, but there are
also 12 non-EPN stations included. The intrapla®aities are evaluated according to the
method described in (Hefty et al.,, 2005). Gener#dlyr-year intervals of observations are
used for velocities estimation, however also shadtgasets are used to fill in the gaps in
regions covered by newly established permanenbstafthe minimum interval used was 1.5
year of continuous observations).

NETWORK OF PERMANENT STATIONSIN ITALY AND CLOSE REGIONS

Weekly solutions from 45 permanent GPS stationsexng Alpine Mediterranean area
(ALPMED) are used in (Caporali et al., 2003) fotimation of horizontal velocity field
aligned with the ITRF2000. Horizontal velocitiesdatteir uncertainties are evaluated for 36
EPN and 9 non-EPN stations.

VELOCITIES OF CROATIAN AND SLOVENE GEODYNAMIC NETWORK

We used the results form the epoch-wise network DR® (Croatian and Slovene
Geodynamic Network) published in (Altiner et alQ0B). The velocities of 17 stations are
computed on a basis of three epoch campaigns pegtbfrom 1994 to 1998, 16 further sites
were observed only in two epochs separated by waosy The network analysis included also
seven EPN stations.

VELOCITIES OF BULGARIAN EUREF STATIONS

On the territory of Bulgaria two epoch observingnpaigns in 1993 and 2003 within the
EUREF activities were performed. The set of 15imtat forms the Bulgarian reference
network (BULREF). The ITRF2000 referenced velosited 11 BULREF sites together with
5 outside EPN stations are evaluated in (Mile\.e2805).
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INTRAPLATE VELOCITIES OF HUNGARIAN GEODYNAMIC NETWORK

The velocities obtained form processing of Hungarfaeodynamic Reference Network
(HGRN) are analyzed in (Generczy, 2002). The inét@pvelocity field comprising of 13
HGRN sites is based on 5 epoch campaigns perforimoed 1991 to 1999 in two-year
intervals.

VELOCITIES OF SLOVAK GEODYNAMIC REFERENCE NETWORK

The basis of Slovak Geodynamic Reference NetwofBRIS) comprising 17 points was
established in 1993. Since the first epoch campa@igi993 the network was gradually
enlarged and re-observed 8 times (Leitmannova..e2@D1). The velocities of 29 sites were
obtained in complex coordinate and velocity estiamaprocedure yielding also the global
covariance matrix (Hefty and Kovac, 2004).

AUSTRIAN MONITORING NETWORK

Network of about 90 permanent stations in Alpingior, Balkan Peninsula and Near East.
Network is analyzed by OLG Graz (Pany et al., 200BJocities are based on 2-7 year span
of observations.

GPSEPOCH NETWORK IN ROMANIA
Velocities from the GPS network in Vrancea seisrmigeone (Hoeven et al., 2004). Epoch
observations are performed since 1996 on about&f s

3. THE COMBINATION PROCEDURE AND THE HOMOGENIZED VELOQY FIELD
IN THE REGION

The principle of homogenisation of various horizdrfields into a unique reference is in
elimination of systematic differences among thewgiy fields by rotating them around Euler
pole. The position of Euler pole and angular veipof rotation are estimated on the basis of
set of identical sites with velocities in both gyas. As the reference was chosen the EPN
velocity field and all the other velocities werégakd to this reference set. The details of the
procedure are described in (Hefty, 2007). In addijtthe method was completed in (Hefty,
2008) by stochastic modelling of input velocitiesconsider their various origins (epoch or
permanent, length of time series, number of obagrepoch campaigns and the time span of
epoch observations). For the velocities from peenametworks the effect of coloured noise
model was applied.

The combined velocity field containing all availatdite velocities in our region of interest is
shown in Fig. 1. The vectors represent intrapl&aecities which were obtained by reducing
the ITRF2005 related velocities for the APKIM 20@@del. In (Hefty, 2007) is analysed the
consistency of velocities from individual networs the sites where more velocities are
available. The conclusion is that the individudbegies at the identical sites coincide mostly
at the level of 1 mm/year.

The velocity field in Fig. 1 includes velocities about 300 sites referred to the same
reference. The RMS of velocities of permanent @tatiis in range 0.2 -1.5 mm/year, the
RMS of epoch station is in range 0.2 — 2.0 mm/ydais evident that the accuracy of
velocities is variable because of various origimo@h/permanent), various observation history
which is from 1 year (permanent) to 14 years (ep@id various approach to processing;
however the uncertainty estimates are modeledcserftly reliable to be respected in the
combination process.
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It is evident that the distribution of sites witklocities is still non-homogeneous. But it is
significantly improved when compared to individuagional velocity fields like EPN or
CEGRN.
In Fig. 1 there can be generally distinguished folaracteristic features according to the
magnitude and orientation of the velocities:
* Predominantly northward oriented velocities of 8 mm/year in the Adriatic region.
» Eastward oriented velocities in East Alpine regidworth Carpathian region and
Pannonian Basin with magnitude up to 2 mm/year.
* The stable region of Bohemian Massive and Nortlogean Platform.
* Southward oriented velocities in the Southern Chipa and East part of Balkan
Peninsula with magnitude around 3 mm/year.
In addition to the general velocity trends severgliers (local anomalies) are clearly visible.
For separation of the systematic part of the vglarends from the random constituents of
the individual velocities and from the local anoiealwe filtered the velocity field using the
least collocation method. The parameters of thdi@ppovariance function are discussed in
(Hefty, 2007). The systematic part shown in Figerfiphasizes the main character of the
velocity trends in Central and South-East Eurogee most significant pattern is the clock-
wise rotation of Adria, Pannonian Basin, South @Hr@an and North-East Greece. However
it is evident that the rotation rate is not uniform
The station velocities which do not follow the gealetrends are plotted in Fig. 3. We
detected these ‘outliers’ on the iterative basise Belection of the velocity as outlying is
dependent on degree of smoothing by the least sguadiocation and is given by parameters
of covariance function. We detected about 50 sileish may be considered as not consistent
with the estimated trends (if the velocity diffeces between interpolated and observed
velocities are larger than 2 mm/year). The ‘outlieare a very sensitive phenomenon for
geokinematic interpretation. The origin of anomalmelocity vectors has to be analyzed in
detail; the main reasons are site monumentatiord &ides, local technogene phenomena,
etc.
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Fig. 2. The systematic part of the velocities alediby the combination procedure.



Fig. 3. The detected ‘anomalous’ velocities nolofeing the general pattern.

Fig. 4 shows the interpolated velocities in the®12x0.5° grid obtained by the least square
collocation. In order to get more detailed struetaf the velocities, the data are less smoothed
when compared to Fig. 2 and only the most sigmtficautliers were excluded. The general
patterns visible in Fig. 2 are in Fig. 4 complebgdslight regional phenomena reflecting the
possible peculiarity of some territories. Theseougles are further used for deformation

analysis.



Fig. 4. The velocity field interpolated into 1.80.5° grid.

4. SURFACE DEFORMATIONS INFERRED FROM INTERPOLATED INRAPLATE
VELOCITIES

The interpolated horizontal velocity field in regulgrid was used for surface deformation
analysis. In Figs 5 — 7 are examples from someutsit he surface compression and surface
extension is visualized in Fig. 5. The deformaticates are in range from 0 to 30
nanostrain/year (10 nanostrain/year correspondsigimrmation 1mm/100km/year). The
circles represent the one-sigma uncertainty. Thioraation fields are scattered and
regionally distributed. The ~10 nanostrian/year Emder surface deformation situated mainly
in Adria and Balkan are exceeding the one-sigmalleVhe extension and compression
regions are varying what points out on complicatedl complex surface deformation
situation.

In Fig. 6 are plotted the amplitudes of shear de#dion. As concerns their magnitude which
reaches 50 nanostrain/year, they are pronouncedmast significant deformation
characteristics exceeding more times their uncdrés. However it should be remarked that
this type of deformation is mostly influenced bydam errors of observations and of the
interpolated velocities.
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Extension Compression One sigma interval

10 nanostrain

Fig. 5. Extension and compression obtained froerpudlated velocity field.

Shear deformation One sigma interval

10 nanostrain

I

Fig. 6. Amplitude and one-sigma uncertainty of stoEdormation.
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Fig. 7 shows the detailed picture of orientationm@din axes of extension and compression
based on velocities interpolated 0.80.25° grid. This figure documents the complicated

deformation structure visible also in the relatwigdss deformed regions like Carpathians and
Pannonian Basin.
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Fig. 7. Main axes of extension and compressionioétafrom detailed gridded velocity field.

5.

CONCLUSIONS

There are more national or regional velocity field<Central Europe and Balkan region
reported in literature. However the data are nddlipted in numerical form or there are
not available velocities for sites which can enable referencing. As example we can
mention the GPS networks in west and north Grdéleek Sea region, Bohemia, Austria,
etc., as well as velocities derived from the peyedmmercial permanent networks.

The main problem of combination of heterogeneoua dacorrect modeling of velocity
uncertainties. We applied a model which consideesrhain characteristics of the input
data used for velocity estimation like length ofie® number of epoch campaigns and
stochastic modeling using the colored noise apjpro#icis worth to mention that the
rigorous SINEX based combination is also not fudtyapted for correct combination of
epoch and permanent observations because of agstheiwhite noise error models.

The presented study was aimed to complex modelingelocity field in Central and
South-east Europe using velocity fields from vasidatabases. We obtained velocities for
more than 300 sites. The regional trends are nm&tedeat the 1 mm/level and are well
pronounced in general. The surface deformationwet&ifrom the velocities interpolated
into regular grid are regionally distributed with arimum values reaching 50
nanostrain/year in Adriatic and Balkan regions.

The presented information has to be consideretieasdntribution to regional modeling,
of surface geo-kinematics thanks to significant sifesation of the velocity field.
However, the coverage for homogeneous local mogléimot sufficient yet. The study of
velocities for sites which are not consistent wglbbal trends is challenge for further
research. Special attention has to be paid to lpb@homena, like monumentation,
environment, landslides, geology, etc.
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