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Transformation from ITRF to ETRF89 (EUREF89) in Norway

T. N@RBECH, H.-P. PLAG!

Abstract

Today, for most practical applications it is preferred to use
reference frames with fixed coordinates. Satellite-geodetic
techniques readily provide time-dependent coordinates in a
olobal referenceframelikel TRF. Therefore, thereisanincreas-
ing need for transformations from the time dependent ITRF
coordinatestofixed coordinateslikein the national realisations
of ETRS89. Thel AG subcommission EUREF hasrecommended
athree-step procedure for this transformation where the last
stepisthecorrectionfor intrapl ate deformation. Intheredlisation
of ETRS, most countries have neglected this term because of
limited information of this phenomena. This means that the
national ETRF89realisationsin reality havedifferent reference
epochs. The discrepencies between the national reference
networkscan beupto several centimeters. Thispaper describes
different methodol ogiesfor the transformation between ITRF
and therealisations of ETRS using the Norwegian realisation
as example. For Norway, the intraplate motion is of the order
2 to 3 mm/yr in the horizontal components and -3 to 5 mm/yr
in the vertical components. Time seriesfrom permanent GPS
stations are used to assess four different transformationsfrom
ITRF2000 to EUREF89 in Norway.

1. Introduction

Coordinatesgivenwithrespect tothelnternational Terrestrial
Refrence Frame (I TRF) are time dependent. In surveying
and other practical applications users are not used to deal
with time dependent coordinates. Therefore, through the
IAG subcommission EUREF, the European geodetic
community has defined a reference system, the European
Terrestrial Reference System (ETRS), which per definition
givesmeanminima residual velocitiesfor theEurasian plate
with respect to thisETRS. This system allowsto "freece"
the coordinates at acertain reference epoch and keep them
fixed over along time. As reference epoch, the year 1989
was chosen and the system is denoted as ETRS89. Sub-
sequently, this system has been realised in the European
countriesonthebas sof GPSobservation, thoughindightly
different ways(e.g. KRISTIANSEN & HARSSON, 1999, JVALL
& LIDBERG, 2000}, as the new reference frame. A full
transition from the old national reference frame based on
classical geodetic networksto the new frame based on space-
geodetic techniquesisin progress in most countries.

Using preciseorbitsand clocksin post-processing, satellite
positioning techniques today can give a 3-dimensional
positionaccuracy downto 1 cminaglobal referencesystem.
Theaccuracy issuchthat thedefinition of thereferenceframe
itself is one of the primary limiting error sources.

Current and future satellite positioning systems can easily
be used to determinetimedependent coordinatesin arecent
ITRF. Infact, in many cases, thisisthe economically most
effective way to get coordinates of a point not observed
before.

However, for most practical applications such as land
surveying and geo-databases, userswill continueto prefer
coordinatesfixedintime. Coordinatesdeterminedinacertain
ITRF can be transformed to the fixed national frames by
first transforming to the national realisation of ETRSat the
central epoch of measurementsand thenusingtherigid plate
motion model build into ETRS89 to transform to the
reference epoch. However, this plate motion model only
accountsfor horizontal motion. Dueto much shorter spatial
scales, vertical motion cannot satisfactorily be described
by rigid plate motion. Moreover, on various spatial scales
there is also a motion in the horizontal components that
causesso-cdledintra-platedeformation. Therefore, inafinal
step, the coordinates have to be corrected for this motion
bothinthehorizontal andthevertical components. Thisfina
step requires a good knowledge of the three-dimensional
velocity field at the Earth's surface.

ALTAMIMI& BOUCHER (2002} havepointed out that therigid
plate motion model included in the definition of ETRS89
(i.e.theNUVEL-1A-NNA model, DEMETS, 1994) results
in residual velocitiesexceeding 3 mm/yr in the horizontal,
which isequivalent to errorsin the fixed position of more
than 3 cm over 10 years. They determined a new rotation
vector for the Eurasian plate on the basis of 19 carefully
selected I TRF station velocities, and this rotation vector
(denoted here as EUREF rotation vector) was adopted by
EUREF in 2001. PLAG et a (2002) have pointed that this
new rotation vector may be sensitiveto thestation selection
and suggested animproved model for thedescription of the
threedimensional surfaceve ocity field. Thisextended model
is used by KIERULF et al. (2002) to determine a rotation
vector (denoted asEURASI A vector) largely independent
of the station selection.

KIERULF et al. (2002) also show that using either the new
EUREF or theEURA S| A rotation vector, residud horizontal
velocitiesseldomexceed 1 mm/yr, except for sitesinactive
tectonicregions. Thus, errorsinfixed horizontal coordinates
are of the order of 1 cm per 10 years. In the present study,
we look at the accuracy of four different transformations
fromI TRFtotherealisation of ETRSin Norway and discuss
thestrategy for maintaining thenational referenceframewith
fixed coordinates over along time.

Finally, it is pointed out that for a positioning technique
relativetoaglobal referenceframe, itisnot really important
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whether time-dependent or fixed coordinates are used. In
both cases, it is necessary to know the velocity field of the
Earth surfaceto be ableto relate coordinatesto acommon
epoch or to compare coordinates from different epochs.

2. Transformation from | TRF to ETRF89

The approved EUREF guidelinesfor transformation from
ITRF to ETRF89 recommend a three-step approach (see
Boucher& Altamimi, 2001):

— Step 1isto compute | TRF coordinates at central epoch
of observations. That shall bedonewith coordinatesand
velocities from the most recent | TRF frame.

— Step 2 is to transform from ITRF central epoch to
ETRF89 reference epoch taking into account only the
rigid plate motion. Thistransformationisa7-parameter
Helmert transformation given as part of the ITRF but
augmented witharotation vector describingtherigid plate
motion.

— Step3 isto correct for intraplate deformations.

Step 1isastraight-foreward computationusinge.g. the | GS
precise orbits and clocks.

Step 2incorporatesboth the offset and trandlation of ETRF
withrespect to I TRF aswell astherigid plate motion of the
Eurasian plate caused by global platetectonics. Therotation
vector has to be chosen carefully in order to minimise the
correctionrequiredfor step 3. Originaly, theNUVEL-1A-
NNR rotation pole (DEMETS, 1994) wasrecommended by
EUREFwhilein 2001, EUREF recommended the new rota-
tion vector determined by BOUCHER & ALTAMIMI (2002)
to be used. KIERULF (2002b) recommend to use arotation
vector representative for the whole Eurasian plate and not
the pole currently adopted by EUREF (BOUCHER &
ALTAMIMI 2002). However, both the rotation vector
determined by KIERULF et a. (2002b) and (BOUCHER &
ALTAMIMI 2002) resultsin rather small residual velocities
for most parts of Europe. Thus, for most practical appli-
cation, the choise of the rotation vector is not crucial.

Step 3isintended to account for the residual velocity of a
given point with respect to the rigid plate motion. This
requires good knowledge of the residual velocities with
respect to the rigid plate motion. For most parts of Scan-
dinavia, intra-plate motioniscaused by post-glacial rebound,
which is a consequence of the last ice age. Geophysical
models predict the horizontal velocitiesto be of the order
of 1 to 2 mm/yr, while vertical velocities are of the order
of 10 mm/yr (e.g. JOHANSSON €t al., 2002).

In most Nordic countries, Step 3 was not included in the
national realisation of ETRSbecause sufficientinformation
on the intra-plate deformation was not available (see e.g.
KRISTIANSEN & HARSSON, 1999, JIVALL & LIDBERG, 2000).
Moreover, theNUVEL-1A-NNR rotation vector wasused
instep 2, with theresidual horizontal vel ocitiesbeing of the
order of 3 mm/yr (ALTAMIMI & BOUCHER 2002, P LAG et
a. 2002). Consequently, the ten years-error in horizontal
coordinatesdue to neglecting step 3 can exceed 3cmwhile
errors of the vertical coordinates can be aslarge as 10 cm
if the vertical motion due to post-glacia rebound is not
corrected.

For the new EUREF and EURASIA rotation vectors,
observed residual horizonta velocitiesaresmaller thanthose
for NUVEL-1a-NNR vector (ALTAMIMI & BOUCHER, 2002,
KIERULF et al., 2002b). In fact, they are of the same order
asthose predicted by the geophysical post-glacial rebound
models. Thus, usingthesevectorsto describetherigid plate
motion, errorsin horizontal coordinatesover ten yearsare
of the order of 1to 2 cm, if step 3isnot carried out.

3. Intra-plate deformation in Norway

The redlisation of ETRS89 in Norway, which is denoted
as EUREF89, was done on the basis of nation-wide GPS
campaigns carried out in 1994 and 1995 (KRISTIANSEN &
HARSSON, 1999). For Step 1, coordinates at central epoch
werecalculatedin TRF93. Step 2wascarried out according
to then available EUREF recommendations (BOUCHER,
1994), whichutilisedtheNUVEL-1A-NNRrotation vector
for the Eurasian plateto account for therigid plate motion.
Step 3 was not carried out since the available models for
intraplate deformation were not considered to be good
enough. Inredlity, thustheETRSwasrealised at epoch 1994
with respect to the intra-plate deformation.

Based on repeated campaigns on the national Norwegian
GPS network of so-called 4-d points (4-d for four-dimen-
sional, see PLAG et a., 2002, for a map), the residual
horizontal velocitieswith respect to therigid plate motion
weredetermined to beof theorder of 2-3mm/yr. Theerrors
intheseresidual vel ocitiesare of theorder of 1 mm/yr. The
residual velocities display a spatia pattern that can be
described by a rotation and thus allow to determine a
correction for the rigid plate motion included in Step 2,
which reduces residual velocities under the error level.

The GPS campaigns do not provide a sufficient basis to
determinethevertical vel ocitieswith an accuracy better than
a few mm/yr. Therefore, the empirical uplift model
determined by DANIELSEN (1999) is used. This model is
mainly based on gravity measurements and classical
levelling. PLAG et al. (2002) pointed out that there are
significant differences between the empirical model set up
by DANIELSEN (1999) and typical geophysical models. How-
ever, it can be stated that the magnitude of vertical post-
glacial movementsin Norway isof the order -3to 5 mm/yr
with the model uncertainties being as large as 3 mm/yr.

4. Transformation from I TRF to EUREF89

Bearingin mind that the national Norwegian realisation of
ETRS, EUREF89, wasbased on | TRF93 coordinatesgiven
for the central epoch of observations, therearevariousways
toaccomplishatransformationfromthecurrent I TRF (e.g.
ITRF2000) to EUREF89. The most straight-forward and
logical method isto start with coordinatesgiveninthecurrent
ITRF, i.e. ITRF2000 central epoch, and convert these to
ITRFO3 at epoch t,, that is, the central reference epoch of
observationsfrom 1994 and 1995 used for the establi shment
of EUREF89inNorway. Fromthere, thesametransformation
asdetermined by KRISTIANSEN & HARSSON 99) can beused
to go to EUREFS89.
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Thus, # ( )
XITRFQB tr -

T + Rigs (X ™ (t.) + vt - t.))
(1)
isused for the first part and

)_{EUREFSQZ-I_-'ITRFQB + RTRFS D_{ITRF%(tr) (2)

EUREF89 UREF89

for the second part. Here, X isthe position vector, t. the
central epoch of observation, t, the reference epoch for the

observations used to establish EUREF89, T the offset
vector, R the rotation matrix, and V' the velocity at X .

Superscriptsand subscriptsare used to describe"from system
to system". We assume now that

V =sf X 3

i.e. the motion isarigid plate motion only. Sis expressed
as
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y

S 0 -r (4)

z X

-r, r 0

y X

wherer,, r,, r, are small rotation velocities around the X,
Y, and Z axis respectively.

Inserting thisin eq. 1 we get
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Thetransformationsbeween different I TRF referenceframes

(i.e. the matrix RIE* and the offset T!TR2%) are

provided by the |ERS (see ftp://lareg.ensg.ign.fr/pub/itrf/
ITRF.TP). However, to obtain anaccurateresult, thevel ocity
v has to be known with high accuracy to convert from
I TRF2000 central epoch, t., to the epoch 1995.0, t,. Based
onthevelocity model selected, wedistinguish herebetween
three different transformations, namely:

— AB1998: ALTAMIMI and BOUCHER (1998, see ftp://lareg.
ensg.ign.fr/pub/euref/info/guidelines/REF.FRAME.
SPECIFV4) recommended to usetheNUVEL-1A-NNR
rotation vector for the Eurasian plate.

— AB2002: ALTAMIMI & BOUCHER (2002) recommended
to use anew rotation vector determined on the basis of
19 European site velocities.

— KETAL2002: KIERULF et a . (2002b) determined a rota-
tion vector for Eurasiafrom an extended version of eq.
3whichtogether with ageophysical model for post-glacia
rebound model sthevelocity field of thewhole Eurasian
plate.

It should be noted herethat the reference epoch t, hasto be
choosenfromtheinterval 1994 to 1995, sinceobservations
are used from both years. Any velocity error would thus
result in a position error equivalent to one year times the
velocity error. Moreover, thereisavel ocity betweenthetwo

versionsof | TRFand thetotal effect of choosinge.g. 1994.4
instead of 1995.7 would be 2 mm.

A different approach, NM A2001, which was used for an
initial transformation between ITRF97 and EUREF89, is
based ontherepeated measurementsonthe4-d points. The
observed ITRF coordinates at different epochs and their
EUREF89 coordinatesare used to determinean (\emad hoc)
solution by establishinga7-parameter transformation directly
fromI TRF97 centra epochto EUREF89, official Norwegian
coordinates. A transformation based on 21 stations, which
were observed in 1998, thus resulted in a transformation
fromI TRF97 at epoch 1998.6 to EUREFRS9. Inthisapproach,
the problems associated with uncertainties of the velocity
model involvedintheconversion betweenreferenceframes
is omitted, but the transformation parameters themselves
become time-dependent.

Inorder to beableto usethead hoc transformation for coor-
dinatesdetermined from observationsat any central epoch,
these coordinatesfirst haveto betransformed fromI TRF97
central epoch to ITRFI7 epoch 1998.60. For that, we use
amodified NUVEL-1A-NNR model, wherethe horizontal
velocities have been corrected according to PLAG et al.
(2002). For thevertical component weusetheempirical land
uplift model (DANIELSEN, 1999). Inthisway, thetimeinterval
for using the velocoity model isrelatively short and errors
in position resulting from the velocity model are kept on
the few millimeter level.

Inusinga7-parameter solution, itisimplicitly assumed that
theregiondoesnot exhibit any intra-pl ate deformation. For
the horizontal motionin Norway thisappearsto be correct
onthe2mm/yrlevel. For vertical motion, thisisnot thecase,
andtheintra-plate motion are of the order of -3to 5 mm/yr.
Therefore, prior to the determination of thead hoc 7-para-
meter transformation, land uplift wascorrected for theperiod
1998.60 to t,.. Here, it is important to note that in the
establishment of EUREF89, the uplift between t, and the
ETRS reference 1989.0 was not accounted for.

The ad hoc transformation from ITRF97 central epoch to
ETRF89 can also be used for cooordinates expressed in
ITRF2000 central epoch. For that, the coordinatesarefirst
converted to ITRF97 central epoch using the parameters
available at ftp://lareg.ensg.ign.fr/publ/itrf/I TRF.TP.

Thisalternative, somewhat ad hoc transformation wasmade
available asthefirst offical transformation between ITRF
and EUREF89. In the following, this transformation is
denoted as NMA2001.

5. Comparison of transformations

The four transformations, namely AB1998, AB2002,
KETAL2002, and NMA2001, are compared on the basis
of data from nine continuously recording GPS sites in
Norway. The time series are from the period 1998.73 to
2002.27 and cover nearly 4 years. The time series are
realized asdaily (24 hours) solutionsobtai ned from precise
point positioning (ZUMBERGE et d. , 1997) usingthe GIPSY/
OASIS-I software package. The referance frame for the
timeseriesis| TRF2000 and each daily sampleisgivenfor
the central epoch.
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Thesetimeserieshavebeentransformedto EUREF89 using
the four transformations described above. Fig. 1 showsan
example for the arbitrarily selected station Stavanger. In
Tablel, thedeviation of thesite coordinates after transfor-
mation from I TRF2000 central epoch to EUREF89 from
theofficial Norwegian EUREF89 coordinatesaregivenfor
thefour transformations. Table 2 showsthelinear velocities
determined fromthetimeseriestransformed to EUREF89.
Ideally, all these velocities should be zero.

Table 1: Accuracy of coordinates. Given arethe deviationsin
mm from official Norwegian EUREF89 values after trans-
formation fromI TRF2000 central epochto ETRF89. Database
consists of the time series spanning the interval 1998.73 —
2002.27.

AB98 ABO1 KETALO2 [ NMA2001
n e n e n e n &

Station

kris 16| -75] 33| -0.7| 44) 10| 3.0 80
stav 15(-101] 41| -26| 3.4) -1.0f 33| 53
berg -0.3]-10.1| 23| -1.9] 0.7 14| 14| 52
oslo 0.1|-12.2| 0.6| -45| 20| -25| 12| 28
ales -2.0|-114| -0.1| -1.9] -38| 20| -0.7| 36
tron 22(-152| 23| -54| -1.7| -1.8| 27| -0.8
bodo -0.1]-146| -2.2| -29] -6.9| 00| -1.3| -1.3
trol 9.2(-134| 49| -06( 03| 0.0]| 65| -1.2
vard 48(-138| -4.2| -26| -48| -6.4| 08| -45
mean 19(-120] 12| -26| -0.7] -08 19| 1.9
rms 32| 24| 28| 15| 36| 24| 22| 38

Table2: Accuracy of vel ocities. Given arethevel ocitiesin mm/yr
after transformation froml TRF2000 central epochto ETRF89.
The database isthe same asfor Table 1. Note that in the ideal
case, all velocities in ETRF89 would be zero.

. AB98 ABO1 KETALO2 | NMA2001
Station
n e n e n e n e
iris 0.7] -1.6( 10| -04] 12| -01| 04| 0.8

stav 08| -1.71 12| -05( 11| -01] 04| 05
berg 03| -1.8|1 0.7] -0.3| 04| 0.2] -0.1| 05
oslo 08| -22| 0.9] -09( 12| -05] 03| 0.1
ales 171 -21| 20| -05( 13| 02] 13| -01
tron -0.2] -26( 17| -09] 1.0f -0.3| 12| -05
bodo 23| -26| 19| -06( 10| -01] 17| -0.6
trol 46| -28( 3.8| -0.7|] 3.0 -05| 38| -0.7
vard 18| -1.4] 02| 05| 01] -0.2f 0.6| 0.6
mean 141 -21| 15| -05( 11| 02| 11| 01

rms 13| 05| 10| 04| 08| 02| 11| 05
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Figure 1: Coordinate time series for Stavanger after trans-
formation to EUREF89.

Bothfor position and vel ocity, the method AB1998 results
inthelargest deviations. As expected, thistransformation
hasasignificant biasin the East component of approximately
-12.0 mm. In the North component, the result for AB1998
isonthe samelevel asthosefor the other transformations.

A significant 2-3 mm/yr biasin the East component of the
NUVEL-1A-NNRmodel waspreviously noted by PLAG et
a. 2002, ALTAMIMI & BOUCHER 2002). Thetime seriesused
here cover aperiod approximately 10 yearsfromthenominal
reference epoch of EUREF89. Therefore, adiscrepancy in
the transformed and official coordinates of about 25 mm
should be expected. However, the bias for AB1998 turns
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out to be only half of that. Thisis due to the fact AB1998
isonly used to transform from current epochtot, - 1995.0
whilefromthereto 1989.0, thesametransformation asused
in the establishment of EUREF is applied.

Thethreeother transformationsAB2001, KETAL 2002, and
NMA2001 turn out to be more or lessequal intheir overall
gtatistics. Considering the mean deviation, KETAL 2002
iscloser to official Norwegian ETRF89 valueswhile AB2001
and NMA2001 havedlightly better rmsvalueswith respect
to the mean deviation.

The velocities summarised in Table 2 display the same
patternasthedeviationsgiveninTable1,i.e. AB1998 results
in transformed EUREF89 velocities of about -2.1 mm/yr
in the East component. Thisvelocity biasis coherent with
the position errors discussed above. For the North compo-
nent, all four transformations result in residual velocities
onthesamesmall level. KETAL 2002 resultsin the lowest
velocities.

Itispointed out herethat KETAL2002isvalidfor thewhole
Eurasian plate. Moreover, the method separatesthe 'rigid
movement' fromtheintraplate deformation dueto post-glacial
rebound. In that, the method follows strictly the step
procedure recommended by | AG subcommission EUREF.

6. Conclusion

Comparing coordinates given in the national reference
networks in Europe, discrepancies of up to several centi-
meters can be found. These discrepancies are mainly due
to neglection of the intraplate deformation, which should
be corrected in the Step 3 of the recommended procedure
for establishing these networks.

Step 3 corrections depend on the vel ocity model used for
therigid platemotion. UsngNUVEL-1A-NNR, inNorway
the step 3 correctionsamount to 2 to 3 mm/yr in horizontal
velocities. Inthevertical, post-glacial rebound contributes
asignal of -3to 5 mm/yr.

Usingtherigid plate motion model suggested by ALTAMIMI
& BOUCHER (2002), Step 3 corrections reduce to about 1
mm/yr for the horizontal component, while the vertical is
unchanged. KIERULF et al. (2002b) address both the step
2 and 3 vel ocity modelsand using their model, meanresidual
velocities in Norway are reduced to 0.2 mm/yr in east
direction and 1.1 mm/yr in north direction.

The ad hoc method based on repeated GPS campaigns
(NMAZ2001) resultsin residual velocities and associated
position errors on approximately the same level.

In order to increase the lifetime of national realisations of
the ETRS to several decades, better velocity for both the
horisontal and vertical surface movements are needed. In
order to separate therigid plate motion from theintraplate
plate motion, more complex models as recommended by
KIERULF et al. (2002b) appear to be appropriate.
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