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Abstract: The NKG 2008 GPS campaign was carried out
in September 28 – October 4, 2008. The purpose was
to establish a common reference frame in the Nordic-
Baltic-Arctic region, and to improve and update the trans-
formations from the latest global ITRF reference frame
to the national ETRS89 realizations of the Nordic/Baltic
countries. Postglacial rebound in the Fennoscandian area
causes intraplate deformations up to about 10 mm/yr to
the Eurasian tectonic plate which need to be taken into ac-
count in order to reach centimetre level accuracies in the
transformations.
We discuss some possible alternatives and present the
most applicable transformation strategy. The selected
transformation utilizes the de facto transformation recom-
mended by the EUREF but includes additional intraplate
corrections and a new common Nordic-Baltic reference
frame to serve the requirements of the Nordic/Baltic coun-
tries. To correct for the intraplate deformations in the
Nordic-Baltic areawe have used the commonNordic defor-
mation model NKG RF03vel. The new common reference
frame, NKG ETRF00, was aligned to ETRF2000 at epoch
2000.0 in order to be close to the national ETRS89 realiza-
tions and to coincide with the land uplift epoch of the na-
tional height systems. We present here the realization of
the NKG ETRF00 and transformation formulae together
with the parameters to transform from global ITRF coordi-
nates to Nordic/Baltic realizations of the ETRS89.
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1 Introduction

1.1 Background

Modern society relies on spatial data that is referred to
an accurate terrestrial reference frame. The satellite posi-
tioning systems are based on global reference frames, of
which the International Terrestrial Reference Frame (ITRF)
has become a de facto standard. In these global reference
frames, coordinates of objects are kinematic due to dy-
namics of the Earth, e.g. plate tectonics. In Europe, the
Eurasian tectonic plate has a rigidmotion of roughly a cou-
ple of cm/yr towards NE in these global reference frames.
Traditionally, the label “kinematic reference frames” have
been used, even if the naming is not fully logical.

Kinematic coordinates, however, are not suitable for
many practical applications and instead, reference frames
with static or minimized variations in coordinates are
widely used in georeferencing. In Europe, the IAG Ref-
erence Frame Sub-Commission for Europe (EUREF) has
defined the European Terrestrial Reference System 89
(ETRS89) to be co-moving with the Eurasian plate in order
to avoid time variations of the coordinates due to platemo-
tions [1]. The relation between the ITRF reference frames
and ETRS89 realizations is given in the EUREFmemo [2] as
a 14-parameter transformation. This transformation con-
siders rigid platemotions byusing angular velocities of the
Eurasian plate allowing to minimize station velocities in
the ETRS89.

In the Fennoscandian area the postglacial rebound
(PGR) phenomenon causes internal deformations to the
Eurasian plate that are not taken into account in the de
facto EUREF transformation given in [2]. The magnitude
of the PGR reaches up to about 1 cm/yr in the vertical,
and somemillimetres a year inhorizontal components, see
e.g. [3]. The Nordic and Baltic ETRS89 realizations were es-
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Table 1: Nordic and Baltic ETRS89 realizations.

Country Country ID Name of realization ETRF version Realization epoch Reference
Denmark DK EUREF-DK94 ETRF92 1994.704 [4]
Estonia EE EUREF-EST97 ETRF96 1997.56 [5]

Faroe Islands FO ETRF2000 2008.75 [6]
Finland FI EUREF-FIN ETRF96 1997.0 [7]
Latvia LV LKS-92 ETRF89 1992.75 [8]

Lithuania LT EUREF-NKG-2003 ETRF2000 2003.75 [9]
Norway NO EUREF89 ETRF93 1995.0 [10]
Sweden SE SWEREF99 ETRF97 1999.5 [11]

tablished mostly in the 1990’s (Table 1) meaning already
10–20 years of deformations compared to present-day co-
ordinates. The magnitude of the PGR and time span mean
that these deformations need to be taken into account in
the most georeferencing applications and in maintenance
of national reference frames.

To fulfil the requirements of such applications and
for easier sharing of spatial information between Nordic
countries, the Nordic Geodetic Commission (NKG) es-
tablished a common Nordic reference frame NKG RF03
aligned to the ITRF2000 [12] based on aGPS campaign per-
formed in 2003 (NKG2003) [13, 14]. Together with the com-
mon frame, a transformation procedure was presented
in [14] as a link between the NKG RF03 and the na-
tional ETRS89 realizations. The transformation includes
a model NKG RF03vel to correct for intraplate deforma-
tions in the Fennoscandian area. The horizontal part of
the NKG RF03vel model originates from the glacial iso-
static adjustment (GIA) model by [15] that was aligned to
ITRF2000 GNSS site velocities reduced with rigid plate ve-
locities from the ITRF2000-PMM[12, 16] in [17]. The vertical
part, NKG2005LU (ABS) model of the NKG, is constructed
from tide gauge, levelling andpermanentGPSdata [18, 19].
The NKG RF03velmodel predictions are up to 2–3 mm/yr
for horizontal and up to approx. 10 mm/yr for vertical in-
traplate velocities. Several studies have shown that tak-
ing into account these intraplate deformations with the
NKG2003 transformation approach one may obtain cm-
level accurate coordinates in the Nordic ETRS89 realiza-
tions from present-day ITRF coordinates, see e.g. [20, 21].

1.2 Motivation

As a continuation for the NKG2003 campaign, a second
NKG GPS campaign, NKG2008, was carried out in Septem-
ber 28 – October 4, 2008 (epoch 2008.75) [22]. One goal of
this campaign was to establish a new common reference

frame and to expand it to cover whole Nordic-Baltic-Arctic
region. In fact, the resulting set of coordinates is a realiza-
tion of the selected reference frame (i.e. a coordinate list
or a campaign solution aligned to that frame) rather than
a new reference frame defined by the origin, orientation
and scale. But for sake of simplicity, we will call the result-
ing coordinate list as a common Nordic-Baltic reference
frame. Secondly, the transformations to national ETRS89
realizationswere to beupdatedand to includeBaltic States
as well (NKG2003 transformations covered only Denmark,
Finland, Norway and Sweden).

Initially the NKG2008 campaign was processed in
ITRF2005 [23] but also ITRF2008 [24] became available
during the project. Therefore the campaign solution is
available in both reference frames [22]. Preliminary trans-
formation tests and evaluation were presented in [25]. The
purpose of this article was to continue the work: to de-
fine the common NKG reference frame and to provide new
transformation parameters for the Nordic and Baltic coun-
tries. We selected to use the ITRF2008 solution of the
NKG2008 campaign as the final coordinates for the trans-
formation project.

The previous NKG common reference frame
(NKG RF03) was aligned to the ITRF2000 at the epoch of
the NKG2003 campaign, 2003.75. Following this principle,
obvious choice would be to use NKG2008 campaign solu-
tion aligned to the ITRF2008 at the epoch the campaign,
2008.75, as the common frame. However, very relevant for
the present work is also the recent and on-going develop-
ment in geoid determination. Gravimetric geoid models
may under favourable conditions be determined to the
centimetre or even sub-centimetre uncertainty level. One
current activity in the Nordic-Baltic co-operation is the de-
velopment of a new common geoid model [26]. To be able
to successfully complete this task, a consistent set of GPS-
levelling information is needed for the verification that
the new geoid model agrees with the levelled heights in
the height system and the heights above the ellipsoid. An
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important task for the NKG2008 transformation project is
therefore also to provide a consistent reference frame for
heights above the ellipsoid for the GPS-levelling points.
This frame should be in a land uplift epoch 2000.0 (same
as the new height systems in Finland, Norway and Swe-
den, aswell as the latest realization of the EVRS (European
Vertical Reference System), EVRF2007 [27]). It is also ad-
vantageous if this frame agreewell with the ETRF2000, the
conventional frame for the ETRS89 recommended by the
EUREF technical working group (EUREF TWG) [2]. With
this choice, the common frame would also have small dif-
ferences to Nordic and Baltic ETRS89 realizations. These
considerations favour selection of the ETRF2000 at the
epoch 2000.0 as the new NKG common reference frame.

Drawback of having a common frame aligned to the
ETRF2000 at epoch 2000.0 is that any (intraplate) mo-
tions between the common and other epoch (e.g. refer-
ence epochs of the national ETRS89 realizations or epoch
of GNSS observations) need to be taken into account and
most probably (depending on the transformationmethod)
intraplate corrections applied in the ETRS89 cannot be
avoided. And this, in the context of GPS campaign, would
be against the recommendation by the EUREF TWG [2].
Moreover, in case of GPS campaign these motions need to
be taken from some model since observed velocities are
not available. On the other hand, as shown e.g. in stud-
ies [20, 21] the intraplate deformationsneed tobe corrected
to be able to access accurately Nordic/Baltic ETRS89 real-
izations from global ITRF coordinates at other epoch than
the reference epochs of the national ETRS89 realizations.
The NKG RF03vel model was shown to work well for this
purpose. Besides, to serve the NKG geoid project the com-
mon epoch 2000.0 is a prerequisite. It is thus obvious that
we cannot fully follow the recommendations to fulfil all
preset requirements. Therefore we have overbalanced the
requirements and selected ETRF2000 at the epoch 2000.0
as the new NKG common reference frame and epoch, des-
ignated as the NKG ETRF00.

2 Methods

2.1 Transformation alternatives

Thedeveloped transformation shall have several qualities:
it should include at least a path between the NKG2008 so-
lution aligned to the ITRF2008 at the epoch 2008.75 and
the Nordic/Baltic ETRS89 realizations but preferably also
the common NKG reference frame and any ITRFxx realiza-
tion at arbitrary epochs in the same transformation proce-

dure. Somepotential approaches are identified in the Fig. 1
and discussed below.

Primary option would be to use the recommended
de facto transformation by the EUREF [2] but it does not
include correction for intraplate deformations and thus,
is not applicable as such. We have added subsequent
intraplate corrections between the epochs 2008.75 and
2000.0 to obtain coordinates aligned to the ETRF2000 at
the epoch 2000.0, see approach 1 in the Fig. 1. Similarly,
the coordinates in the national ETRS89 realizations need
to be corrected to the same land uplift epoch 2000.0 be-
fore defining the transformation parameters. The steps of
the approach 1 that are associated to the EUREF transfor-
mation are shown inside a grey-shaded box in the Fig. 1.

Another alternative would be to use existing NKG2003
transformation approach [14], see grey-shaded box of the
approach 2a in the Fig. 1. This approach was developed
for ITRF2000 coordinates and therefore it does not support
other ITRF solutions. Consequently, a preceding transfor-
mation from ITRF2008 to ITRF2000 coordinates is neces-
sary. This can be performed with the de facto transforma-
tion defined by the International Earth Rotation and Ref-
erence Systems Service, IERS [28]. In the first step of the
NKG2003 transformation the ITRF2000 coordinates at the
epoch 2008.75 are moved back to the epoch of the com-
mon reference frame NKG RF03, 2003.75, by using veloci-
ties from the ITRF2000-PMM and NKG RF03vel. Together
these simulate ITRF2000 velocities. Then the NKG RF03
coordinates are intraplate corrected to the reference epoch
of the national ETRS89 realizations. This corrects the in-
ternal geometry of the GNSS solution to agree with the sit-
uation at the epoch of the national ETRS89 realizations
and any other systematic differences are accounted for in
the subsequent Helmert transformation. According to this
procedure, theNKG2003 approach could be used for trans-
forming ITRF2008 coordinates to the national ETRS89 re-
alizations but it does not support deriving the common
frame aligned to the ETRF2000 at the common epoch
2000.0. Another drawback is that the NKG2003 transfor-
mation parameters were estimated only for Denmark, Fin-
land, Norway and Sweden. Therefore it does not cover
whole Nordic-Baltic region and national transformation
parameters should be defined at least for the Baltic coun-
tries. Also NKG2003 parameters might need updating.

One possibility to define new transformation parame-
ters is to follow the main principles of the NKG2003 trans-
formation (epoch reductions with simulated/modelled ve-
locities) and to adapt them to the ITRF2008 coordinates.
Similarly to the NKG2003 approach, intraplate corrections
could be applied to the NKG2008 coordinates and new
transformation parameters would be defined from the in-
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Figure 1: Some potential transformation alternatives. Options for the common frame are shown with green boxes while red boxes indicate
input coordinates (that are not in a common frame) for defining the transformation parameters. Parts inside grey-shaded boxes indicate
steps that are included either in the EUREF or in the NKG2003 transformations. PIERS(t) or PEUREF(t) refer to the transformation (parame-
ters) recommended by either the IERS or the EUREF at the epoch t. VITRF200x−PMM is a correction for the rigid plate motion according to cor-
responding ITRF200x plate motion model. VNKG RF03vel is a correction for intraplate deformations from the model NKG RF03vel. Helmert
parameters are seven transformation parameters for the similarity transformation at the given epoch.

traplate corrected ITRF2008 coordinates to the national
ETRS89 realizations, see approach 2b in the Fig. 1. But
again, this approach would not support the common ref-
erence frame aligned to the ETRF2000(2000.0) and is thus
not feasible for our case.

Two possibilities to realize the common reference
frame utilizing both the principles of the NKG2003 ap-
proach and the parameters from the de facto IERS or EU-
REF transformations, are designated as the approaches 3a
and 3b in the Fig. 1. In both approaches epoch reductions
between 2008.75 and 2000.0 include rigid plate and in-
traplate corrections. The former approach utilizes the an-
gular plate velocity of the Eurasian plate extracted from
the ITRF2008 plate motion model, ITRF2008-PMM [29]
and the latter the corresponding velocities from the
ITRF2000-PMM. In both approaches intraplate motions

would be estimated with the NKG RF03vel model. The
goal is that together these motions would simulate either
ITRF2008 or ITRF2000 station velocities. Another differ-
ence is that transformations from the ITRF2008 to the
ITRF2000 using IERS parameters are performed at differ-
ent epochs. After these steps the resulting ITRF2000 coor-
dinates at the epoch 2000.0 could be transformed to the
ETRF2000with the EUREF transformation. One issue with
the approaches 3a and 3b is that IERS, EUREF or both
transformations would be performed at different epochs
than recommended central epoch of observations, see [2].

Another issue is related to the reference frame in
which the corrections from the NKG RF03vel model are
applied to coordinates. The NKG RF03vel was originally
aligned to ITRF2000 GNSS station velocities reduced with
rigid plate velocities from the ITRF2000-PMM. Rigor-
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ously, the NKG RF03vel should be used only to simulate
ETRF2000 velocities or together with the ITRF2000-PMM
to simulate ITRF2000 velocities. In other cases the model
should be transformed to the reference frame associated
to the coordinates to be corrected for. More flexibly, one
could ignore the reference frameof themodel and consider
and use it as a deformation model without a need for rig-
orous alignment to the reference frame of the coordinates.
In such case its consistency has to be verified otherwise,
e.g.with a comparison to observed station velocities in that
given reference frame.

In the Fig. 1 all approaches except 2a include in-
traplate corrections from the NKG RF03vel in some
other reference frames than ETRF2000 or ITRF2000.
In the approaches 1, 3a and 3b intraplate corrections
are applied in an ETRFyy reference frame associated to
the national ETRS89 realization. However, in these ap-
proaches any possible biases between the velocities of
the NKG RF03vel and the ETRFyy are taken into ac-
count in the defined transformation parameters. In the ap-
proaches 2b and 3a intraplate corrections are applied to
ITRF2008 coordinates. In the 2b possible biases are also
absorbed by the defined parameters but in the 3a where
NKG RF03vel is used together with the ITRF2008-PMM to
simulate ITRF2008 velocities, any biases are propagated
to the resulting coordinates. However, comparison of such
simulated velocities with the observed station velocities in
the ITRF2008 would, in fact, yield quite good consistency.
Butmore importantly, according to the recommendationof
the EUREF TWGand after the adoption of the ETRF2000 as
the conventional frame of the ETRS89, one should not uti-
lize post-ITRF2000 plate motion models in realization of
ETRS89 coordinates from post-ITRF2000 coordinates [2].
For instance, use of the angular velocity of the Eurasian
plate from the ITRF2008-PMM in the EUREF transforma-
tionwould lead virtually to ETRF2008whichdoesnot exist
(neglecting translations in this hypothetical case).

Thus, also the approaches 3a and 3b would include
some unorthodox choices and were therefore rejected.
With all above considerations we concluded to use the ap-
proach 1 in order to be as consistent as possible with the
standardized EUREF approach. The selected approach is
explained in more details in the next section.

2.2 Selected approach

The selected transformation approach 1 includes all pre-
set requirements: it can be used to transform between any
ITRF solution at arbitrary epoch, Nordic/Baltic ETRS89 co-
ordinates and the commonNKG reference frame, see Fig. 2.

The transformation can include only part of the chain or
full path depending on source and target coordinates. The
full step-by-step transformation from ITRFxx coordinates
at an arbitrary epoch to the national ETRS89 coordinates
(left-hand side path in the Fig. 2) can be simplified by
combining (summing) transformation parameters and in-
traplate corrections (right-hand side path). In the figure
the transformation is targeting coordinates in the national
ETRS89 realizations but any step can be reversed to pro-
duce desired target coordinates.

The first step is a transformation from an ITRFxx to the
ITRF2000 coordinates at an arbitrary epoch tc (if neces-
sary). This is performed according to Eq. (1) and parame-
ters by the IERS [28].⎡⎢⎣XY

Z

⎤⎥⎦
ITRF2000

tc

=

⎡⎢⎣XY
Z

⎤⎥⎦
ITRFxx

tc

+

⎡⎢⎣T1T2
T3

⎤⎥⎦ + D ·

⎡⎢⎣XY
Z

⎤⎥⎦
ITRFxx

tc

(1)

+

⎡⎢⎣ 0 −R3 R2
R3 0 −R1
−R2 R1 0

⎤⎥⎦ ·

⎡⎢⎣XY
Z

⎤⎥⎦
ITRFxx

tc

Next, the coordinates are transformed to the ETRF2000 ac-
cording to the EUREF recommendation using Eq. (2). The
parameters can be found in the EUREF memo [2].⎡⎢⎣XY

Z

⎤⎥⎦
ETRF2000

tc

=

⎡⎢⎣XY
Z

⎤⎥⎦
ITRF2000

tc

+

⎡⎢⎣T1T2
T3

⎤⎥⎦ (2)

+

⎡⎢⎣ 0 −Ṙ3 Ṙ2
Ṙ3 0 −Ṙ1
−Ṙ2 Ṙ1 0

⎤⎥⎦ ·

⎡⎢⎣XY
Z

⎤⎥⎦
ITRF2000

tc

· (tc − 1989.0)

These two steps are fully according to the EUREF
recommendations. The first additional step is to reduce
ETRF2000 coordinates from the epoch tc to 2000.0 by ap-
plying intraplate corrections with the Eq. (3). One should
observe that the corrections in this step are taken from a
re-aligned NKG RF03vel model. The original Nordic de-
formation model NKG RF03vel was found out not be-
ing optimally aligned to the ETRF2000 and therefore it
was re-aligned to the ETRF2000 velocities in this study;
see more in sections 2.3 and 3.1. The re-aligned veloci-
ties, designated as VNKG RF03vel ETRF2000 in Fig. 2, ensure
that the resulting coordinates are accurately aligned to the
ETRF2000 at the epoch 2000.0. The common NKG refer-
ence frame NKG ETRF00 was realized with the transfor-
mation steps 1–3 from the NKG2008 solution, see more in
section 3.2.
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Figure 2: NKG2008 transformation from ITRFxx coordinates at an arbitrary epoch to the national ETRS89 realizations. Left-hand side path
shows the step-by-step transformation and right-hand side the direct transformation with merged parameters and intraplate corrections.
VNKG RF03vel ETRF2000 is a correction for intraplate deformations from the re-aligned NKG RF03vel model and VNKG RF03vel from the orig-
inal NKG_RF03vel model. Helmert parameters PNKG1 and PNKG2 are seven parameters for the similarity (Helmert) transformation at the
epoch 2000.0.

⎡⎢⎣XY
Z

⎤⎥⎦
ETRF2000

2000.0

=

⎡⎢⎣XY
Z

⎤⎥⎦
ETRF2000

tc

+ (2000.0 − tc) ·

⎡⎢⎣VX,intraVY ,intra
VZ,intra

⎤⎥⎦
ETRF2000

NKG RF03vel

(3)

Then the NKG ETRF00 coordinates are transformed
to the ETRFyy corresponding to the national ETRS89 re-
alization at epoch 2000.0 with the 7-parameter Helmert
transformation using the Eq. (4). From the Fig. 2 one can
see that the NKG2008 transformation includes two sepa-
rate transformation parameters for each country, denoted
as PNKG1,CC and PNKG2,CC (cc = DK, EE, FI, FO, LT, LV, NO,
SE). The reason is that one can use either the re-aligned
or the original NKG RF03vel model in the next step, see

Eq. (5). In this step the ETRFyy coordinates at the com-
mon epoch 2000.0 are intraplate corrected to the refer-
ence epochs of the national ETRS89 realizations, tr. The
parameters PNKG1 are associated to the re-aligned veloci-
ties VNKG RF03vel ETRF2000 in Eq. (5). Primarily, one should
use the re-aligned velocities VNKG RF03vel ETRF2000 and pa-
rameters PNKG1 in Eqs. (4–5). However, in some cases use
of the original NKG RF03velmodel (velocities designated
as VNKG RF03vel in the Fig. 2) may be necessary and justi-
fied in Eq. (5). In such case one should select the corre-
sponding transformation parameters PNKG2 to be used in
Eq. (4). The reader should observe that the use of the orig-
inal NKG RF03vel model is limited only to the transfor-
mations between the common frame and national ETRS89
realizations, i.e. Eq. (5). The reader should also note that
we are using the IERS conventions for rotations in Eq. (4).
Some geodetic software may use opposite signs for rota-
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tions.⎡⎢⎣XY
Z

⎤⎥⎦
ETRFyy

2000.0

=

⎡⎢⎣XY
Z

⎤⎥⎦
ETRF2000

2000.0

+

⎡⎢⎣TXTY
TZ

⎤⎥⎦ + D ·

⎡⎢⎣XY
Z

⎤⎥⎦
ETRF2000

2000.0

+

⎡⎢⎣ 0 −RZ RY
RZ 0 −RX
−RY RX 0

⎤⎥⎦ ·

⎡⎢⎣XY
Z

⎤⎥⎦
ETRF2000

2000.0

(4)

⎡⎢⎣XY
Z

⎤⎥⎦
ETRFyy

tr

=

⎡⎢⎣XY
Z

⎤⎥⎦
ETRFyy

2000.0

+ (tr − 2000.0) ·

⎡⎢⎣VX,intraVY ,intra
VZ,intra

⎤⎥⎦
ETRF2000

NKG RF03vel

(5)

If an inverse transformation in any step is needed, one
can switch the places of source and target coordinates in
the corresponding equation and, depending on the step,
switch two epochs and/or give opposite signs for the trans-
formation parameters.

2.3 Re-alignment of the NKG RF03vel
model

In the selected transformation the purpose of the
NKG RF03vel model is to correct for the intraplate defor-
mations in the ETRF2000. On the other hand its purpose is
to represent ETRF2000 velocities. In order to estimate the
quality of the NKG RF03vel model in the ETRF2000, we
evaluated it with observed GNSS station velocities by us-
ing most recent cumulative solution from the EUREF Per-
manent Network (EPN). The EPN cumulative solutions are
updated every 15 weeks and are available both in the lat-
est ITRF (or corresponding IGS) realization and ETRF2000.
We have used only stations that are categorized as class A
stations meaning that they have high-quality coordinates
and velocities [30, 31]. At the time of the study the most
recent solution covered data up to GPS week 1785 [32],
denoted hereafter as the EPNC1785.

As already pointed out in the previous section, we
found out in this study that the NKG RF03vel model is
not optimally aligned to the ETRF2000. The vertical ve-
locities of the NKG RF03vel are biased compared to the
ETRF2000 velocities from the EPNC1785; see more de-
tails in section 3.1. In the context of a common refer-
ence frame realization such biases are not acceptable.
Therefore we have re-aligned the intraplate velocities of
the NKG RF03vel model to the ETRF2000 velocities of

the EPNC1785 solution in this project. The velocities can
be transformed or re-aligned with a general formula, see
e.g. [28] that is adapted for the NKG RF03vel below as the
Eq. (6).⎡⎢⎣VXVY

VZ

⎤⎥⎦
NKG RF03vel ETRF2000

X,Y ,Z

=

⎡⎢⎣VXVY
VZ

⎤⎥⎦
NKG RF03vel

X,Y ,Z

+

⎛⎜⎝
⎡⎢⎣ṪXṪY
ṪZ

⎤⎥⎦ + Ḋ ·

⎡⎢⎣XY
Z

⎤⎥⎦ +

⎡⎢⎣ 0 −ṘZ ṘY
ṘZ 0 −ṘX
−ṘY ṘX 0

⎤⎥⎦ ·

⎡⎢⎣XY
Z

⎤⎥⎦
⎞⎟⎠ (6)

A critical issue is to chooseparameters that arepresent
in the transformation. Typically scale rate should not be
used in order not to introduce an artificial distortion to
the resulting velocities. Furthermore, translation rates are
usually to be avoided in small geographical areas because
they are highly correlated with the rotation rates. Such
transformationwould become equivalent to the Euler pole
determination. However, considering the implementation
and alignment of the original NKG RF03velmodel, above
general statements on choice of transformation parame-
ters may not be completely valid or adequate. Moreover,
we are not interested in making geophysical analysis or
interpretation from the velocities but instead want our
intraplate velocities to be expressed in the ETRF2000 as
good as possible. Therefore and based on our evaluation,
wehave selected to use all seven parameters to re-align the
NKG RF03vel model.

3 Results

3.1 Velocities of the NKG RF03vel model

Themain purpose of the originalNKG RF03velmodel has
been to estimate internal deformations instead of rigorous
alignment to any reference frame. However, when such
a model is used to define final coordinates without fur-
ther transformations, as is the casewith the NKG ETRF00
and with the method described in section 2.2, it is crucial
that the model is well-aligned to the corresponding ref-
erence frame. In such case any biases would propagate
into the resulting coordinates. In the selected approach
this reference frame is ETRF2000. While transforming be-
tween the common frame and national ETRS89 realiza-
tions, intraplate corrections are also applied to ETRFyy
coordinates associated to the national ETRS89 realiza-
tions but in this case possible biases between ETRFyy
and NKG RF03vel velocities are absorbed in the defined
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Helmert parameters and thus biases do not propagate to
the coordinates.

We compared the velocities from the NKG RF03vel
model to the ETRF2000 station velocities of the EPNC1785
solution. The differences are summarized in Table 2. In
the statistics, only stations in the land uplift area (mean-
ing positive up velocity from the NKG RF03vel) have been
taken into account. Validity area of the NKG RF03vel
model is not explicitly given and therefore this constraint
was applied to achieve more realistic statistics from the
main usage area of the model. Outside the land uplift area
themodelmay lack of geodetic data or experience far-field
extrapolation or visualization related issues that have no
physical meaning.

The standard deviation show that the precision of the
NKG RF03vel velocities is well below 0.5 mm/yr level in
each velocity component (1σ). The accuracy of modelled
velocities (rms of the differences) is 0.45/0.20/0.91 mm/yr
in North, East and up components compared to the
ETRF2000 velocities of the EPNC1785. This can be consid-
ered reasonably good result when speaking of modelled
velocities. This also fulfils the criteria of 3 mm/yr for ve-
locity quality given in [33] that however, would be far too
much for our case.

However, it is evident that the NKG RF03vel model
has a bias in vertical velocities while horizontally it is well-
fitted to the ETRF2000 velocities. Horizontally consistency
is at the level 0.1–0.2 mm/yr but vertical velocities are bi-
ased about 0.8 mm/yr. The bias in up component is also
visible in the Fig. 3 illustrating the velocity differences.

Some biases could be anticipated considering that
the NKG RF03vel model is actually a 2D+1D model con-
structed from observations of several geodetic techniques,
includes a GIA model and has a global alignment through
a GPS solution that was used to constrain the model. Fur-
thermore, the GPS time series of this solution were much
shorter compared to the up-to-date EPNC1785 solution.
Obviously, these are themain reasonswhy the velocities of
the NKG RF03velmodel do not fully agreewith the up-to-
date GNSS-derived ETRF2000 velocities of the EPNC1785
solution. However, considering the way it has been uti-
lized in the past, it must be noted that this bias or inac-
curacy has not had a degrading influence until now. The
model has been considered to correct for the internal de-
formations in the Nordic areawithout a need for a rigorous
alignment to any reference frame. Any possible systematic
differences have been described in a subsequent Helmert
transformation.

The results mean that the consistency could be im-
proved by an additional fit of the velocity field. However,
there are anticipations of a new NKGmodel in the near fu-

Figure 3: Observed ETRF2000 station velocities of the EPNC1785
minus original NKG RF03vel intraplate velocities. Vectors show
horizontal, coloured circles vertical and values next to the station
3D differences in mm/yr.

Figure 4: Observed ETRF2000 station velocities of the
EPNC1785 minus re-aligned NKG RF03vel intraplate velocities
(NKG RF03vel ETRF2000), i.e. residuals of the re-alignment. Vec-
tors show horizontal, coloured circles vertical and values next to the
station 3D differences in mm/yr.

ture, and therefore it is not meaningful to produce a new
model with old data. Consequently, we have chosen to
introduce only transformation parameters to re-align the
NKG RF03velmodel to the ETRF2000 instead of publish-
ing a new model (grid files, etc.).

A simple 1-parameter vertical fit would significantly
improve the NKG RF03vel velocities but in this case the
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Table 2: Statistics of the velocity differences: ETRF2000 velocities of the EPNC1785 minus NKG RF03vel and NKG RF03vel ETRF2000
(only stations in land uplift area considered in the statistics).

NKG RF03vel NKG RF03vel ETRF2000
n = 25 N [mm/yr] E [mm/yr] U [mm/yr] N [mm/yr] E [mm/yr] U [mm/yr]
Min −1.01 −0.55 −1.59 −0.88 −0.24 −0.75
Max 0.56 0.41 0.16 0.67 0.49 0.88
Mean −0.20 −0.05 −0.79 −0.01 0.00 0.00
Std 0.41 0.20 0.45 0.35 0.19 0.43
Rms 0.45 0.20 0.91 0.34 0.18 0.42
95% 0.94 0.38 1.40 0.64 0.33 0.76

Table 3: Transformation parameters to estimate a correction to
the velocities of the NKG RF03vel model in order to re-align the
velocities to the ETRF2000.

Par. Value Unit
ṪX 0.00211 [m/yr]
ṪY 0.00056 [m/yr]
ṪZ 0.00127 [m/yr]
Ḋ −0.465 [ppb/yr]
ṘX 0.01612 [mas/yr]
ṘY −0.03066 [mas/yr]
ṘZ 0.01435 [mas/yr]

transformation should be done in a local system. The
transformation parameters should preferably be given in
geocentric cartesian system. Otherwise the re-alignment
can be difficult to implement to user applications. The pa-
rameters could be converted from local to geocentric sys-
tem but there is no real reason to restrict to a vertical fit.
Therefore,wedefinedall seven transformationparameters
in geocentric system todescribe the difference between the
velocity fields. The re-alignedNKG RF03vel velocities can
be computed with Eq. (6) and parameters given in Table 3.
The transformation parameters define a correction to the
velocities of the NKG RF03vel so that they agree better
with the ETRF2000 velocities of the EPNC1785.

The 7-parameter fit with available 25 fiducial (EPN)
stations yields to rms of differences 0.34/0.18/0.42 mm/yr
in North, East and up respectively. The statistics of the
differences between the re-aligned NKG RF03vel and
ETRF2000 (of the EPNC1785) velocities are summarized in
Table 2 and illustrated in the Fig. 4. Indicated by the pre-
cision (standard deviation) and the accuracy (rms), the
model is now well-aligned to the ETRF2000 velocities and
possible deficiencies are mostly due to the original model
itself. Some identified limitations in the NKG RF03vel
model are e.g. missing levelling data in Denmark and
Baltic countries, weaknesses in the underlying GIA model

and short time series at some GPS stations. Some of the
larger velocity differences may be attributed to these rea-
sons. However, below 0.5 mm/yr uncertainty level in mod-
elled velocities is a very good result and proves that the
NKG RF03vel model is still performing mostly well.

3.2 Common NKG reference frame
NKG ETRF00

The NKG2008 solution was aligned to the ITRF2008 at
the epoch 2008.75 with a 4-parameter Helmert fit (transla-
tions and scale). The accuracy of the solution, by means
of post-fit rms of fiducial sites, is 1, 1 and 3 mm in
North, East and up components respectively. The resulting
NKG2008 campaign coordinates were transformed with
the three-step transformation (equations (1–3) shown in
top-left corner in the Fig. 2 to realize the common NKG
reference frame aligned to the ETRF2000 at the epoch
2000.0, NKG ETRF00. In the transformation we used
the re-aligned velocities from the NKG RF03vel model
(VNKG RF03vel ETRF2000) to reduce the epoch of the coor-
dinates. We estimated the accuracy of the NKG ETRF00
by comparing the resulting coordinates with the EPNC1785
solution.Weuse this as ameasure of the accuracy of the re-
alized NKG ETRF00 reference frame. It is important that
the resulting reference frame is well-aligned to the official
solution because it is a key factor to the access and shar-
ing of data, i.e. reproducibility of the coordinates, in that
frame. If the difference between the reference frame real-
ization and official solution is large, the realized coordi-
nates are only approximately aligned to the desired refer-
ence frame, which in turn may mean that the coordinates
cannot be reproducedwithin certain accuracy in the future
and thus the realized frame may become useless.

Table 4 summarizes the statistics of the differences be-
tween the NKG ETRF00 and EPNC1785 solutions. The ac-
curacy of the NKG ETRF00, bymeans of the rms of the co-
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Table 4: Statistics of the common reference frame realization (co-
ordinate differences to the EPNC1785 solution). Only stations in the
land uplift area taken into account in the statistics.

NKG ETRF00minus EPNC1785
(ETRF2000 coordinates @2000.0)

n = 25 N [mm] E [mm] U [mm]
Min −9.60 −4.00 −9.40
Max 5.70 4.90 12.30
Mean −0.88 −0.17 −1.40
Std 3.45 2.44 5.30
Rms 3.49 2.40 5.38
95% 7.38 3.92 9.24

ordinate differences, is 3.5/2.4/5.4 mm in North, East and
up components. Consequently, the accuracy of the solu-
tion is not significantly degraded during the transforma-
tion and the result can be considered very good. There
are no suitable existing criteria for our common reference
frame realization but in order to weigh our result, we have
used EPN guidelines [33] as a point of comparison. The
EPN guidelines state that the estimated coordinates of the
reference stations, after a minimum constraint alignment
to the EPN cumulative solution in IGb08, should agree bet-
ter than 10mm for positions with the values of the EPN cu-
mulative solution. Thismeasure is not directly comparable
to our case because it would refer to the initial alignment
of the NKG2008 solution to the ITRF2008 solution which
fulfils the criterion. Since our common frame is a result of
the additional transformation to the ETRF2000and the ad-
ditional epoch correction and, as roughly 95% of our coor-
dinates fulfil the criterion, it is arguable that our approach
is suitable for the purpose. Figure 5 illustrate coordinate
differences of the common reference frame realization.

Our goal was to have the common reference frame to
be close to the national ETRS89 realizations. Table 5 shows
the differences of the NKG ETRF00 and national ETRS89
coordinates. The difference is by means of averages vary-
ing up to 4 cm in coordinate components. The difference
is usually very systematic for each country. One reason
for this is intraplate deformations between the common
epoch and reference epochs of the national ETRS89 real-
izations. Another reason is caused by small differences in
different ETRFyy realizations. Figure 6 illustrates the coor-
dinate differences. The difference is quite small but it tells
that the consistency between the Nordic/Baltic ETRS89 re-
alizations is in the order of some centimetres. In cases
where better consistency is needed, the national coordi-
nates should be transformed to the common reference
frame NKG ETRF00.

Figure 5: Coordinate differences NKG ETRF00minus EPNC1785
(expressed in ETRF2000 at the epoch 2000.0). Vectors show hor-
izontal, coloured circles vertical and values next to the station 3D
differences in mm. Most of the largest differences can be found out-
side the land uplift area (i.e. subsidence area) or close to it where
the NKG RF03vel model has its weakest points.

Figure 6: Coordinate difference NKG ETRF00minus national
ETRS89 coordinates.

We have also estimated the long-term quality of the
NKG2008 transformation by means of common frame re-
alization from ITRF2008 coordinates given in different
epochs. For this we have again used EPNC1785 solu-
tion. We propagated the IGb08 (ITRF2008) coordinates
of the EPNC1785 to epochs 1990, 2000, 2010, 2020, 2030
and 2040 and then transformed these coordinates to the
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Table 5: Averages of the coordinate differences NKG ETRF00mi-
nus national ETRS89 coordinates.

N [mm] E [mm] U [mm]
Denmark 3.70 14.65 −0.05
Estonia −1.78 10.21 7.48

Faroe Islands 1.16 −0.02 −1.83
Finland −8.38 16.82 29.89
Latvia 4.19 −39.24 −21.56

Lithuania 2.65 −0.81 −14.10
Norway −0.88 −5.72 10.44
Sweden −6.12 13.63 24.92

Figure 7: Coordinate difference NKG ETRF00minus EPNC1785
in ETRF2000 at the epoch 2000.0 when IGb08 coordinates of the
EPNC1785 are first converted with the station velocities to epochs
1990, 2000, 2010, 2020, 2030 and 2040 and then transformed with
the NKG2008 transformation to the NKG ETRF00. Error bars from
left to right show the difference for epochs 1990–2040.

NKG ETRF00 (steps 1–3). The resulting coordinates were
compared to the ETRF2000 coordinates of the EPNC1785
at the epoch 2000.0. Rms of differences (Table 6) show
that the selected transformation is able to produce better
than roughly 2 cm-level accurate coordinates (rms) dur-
ing the whole 50-year period. Some of the largest differ-
ences can be found outside the land uplift area where the
NKG RF03vel model has some limitations, (e.g. station
SASS) or be attributed toworse velocity due to shorter time
series (e.g. PULK), see Fig. 7.

As a comparison, we made the same test but now us-
ing the standard EUREF transformation (steps 1–2, i.e. no
intraplate corrections). Rms of differences is summarized
in the Table 6. The results showvery clearly the effect of the

Figure 8: Coordinate difference ETRF2000(t) minus EPNC1785 in
ETRF2000 at the epoch 2000.0 when IGb08 coordinates of the
EPNC1785 are first converted with the station velocities to epochs
1990, 2000, 2010, 2020, 2030 and 2040 and then transformed with
the standard EUREF transformation to the ETRF2000. Error bars from
left to right show the difference for epochs 1990–2040.

PGR as significantly larger rms values compared to the re-
sults of the NKG2008 transformation. The results are also
varying a lot in the Nordic-Baltic area, see Fig. 8. This ex-
ample again describes the necessity to correct for the in-
traplate deformations in Fennoscandian area.

3.3 Transformations to national ETRS89
realizations

The NKG2008 transformation is performed country-wise
and therefore transformation residuals can be used as an
accuracy measure for accessing the national ETRS89 real-
izations from ITRF coordinates, i.e. national transforma-
tions. In case of the NKG2008 transformation the resid-
uals reflect consistency of the input coordinates (both
NKG2008 solution and national ETRS89 coordinates) and
the intraplatemodel that is used to take care of the internal
deformations (except for Faroe Islands that is outside the
validity area of the NKG RF03velmodel and therefore in-
traplate corrections have not been applied in the transfor-
mations). While the intraplate model NKG RF03vel was
shown to have an overall precision of 0.5 mm/yr level,
most of the larger residuals should imply inconsistencies
between the input coordinates.

Transformation residuals are summarized in Table 7
and all residuals station-by-station are given in the Ap-
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Table 6: RMS of coordinate differences: NKG ETRF00 (aligned to the ETRF2000@2000.0) and ETRF2000(t) (no intraplate correction, eqs.
1-2) minus ETRF2000 coordinates of the EPNC1785 at the epoch 2000.0. The IGb08 coordinates of the EPNC1785 were first converted to the
epochs 1990-2040 with IGb08 station velocities and then transformed to the NKG ETRF00 or ETRF2000(t) and compared to the ETRF2000
coordinates of the EPNC1785 solution.

NKG ETRF00minus EPNC1785 ETRF2000(t) minus EPNC1785
Epoch (t) N [mm] E [mm] U [mm] N [mm] E [mm] U [mm]
1990 3.70 1.91 4.50 5.84 5.86 33.78
2000 0.38 0.47 0.32 0.38 0.47 0.32
2010 3.65 2.16 4.57 5.64 5.87 33.86
2020 7.30 4.11 9.09 11.37 11.70 67.67
2030 10.95 6.08 13.61 17.10 17.54 101.49
2040 14.61 8.06 18.13 22.83 23.38 135.31

Table 7: Rms of transformation residuals for Nordic-Baltic countries.

Country # Points N [mm] E [mm] U [mm]
Denmark (DK) 12 2.67 1.94 3.60
Estonia (EE) 4 0.89 0.94 1.64

Faroe Islands (FO) 5 0.52 0.29 0.80
Finland (FI) 12 2.37 2.35 3.40
Latvia (LV) 11 8.95 2.75 13.44

Lithuania (LT) 10 3.07 1.92 4.56
Norway (NO) 92 1.53 1.62 2.94
Sweden (SE) 31 2.58 2.08 3.71

pendix 1. The rms of transformation residuals is some
millimetres for most countries. This again proves that
the NKG RF03vel model is sufficient for correcting the
intraplate deformations in the selected transformation
approach. The residuals are slightly larger for Latvia
compared to the other countries which can be mostly
attributed to the national ETRS89 coordinates. Latvian
ETRS89 coordinates are based on EUREF.BAL’92 campaign
that has an estimated accuracy of +/−2 cm [8]. In fact, sim-
ilar residuals would be obtained also for Lithuania if the
coordinates of the older national realization, based on the
same EUREF.BAL’92 campaign, were used as input coordi-
nates. However, in this project we have used coordinates
of the newer Lithuanian ETRS89 realization EUREF-NKG-
2003 instead [9].

The national transformation parameters PNKG1,CC for
Nordic/Baltic countries are given in theTable 8 andparam-
eters PNKG2,CC in the Table 9.

The coordinates for the fiducial points of the
transformation in the common Nordic reference
frame NKG ETRF00 together with the transforma-
tion residuals are given in the Appendix 1. The co-
ordinates of the NKG2008 solution aligned to the
ITRF2008(2008.75), designated as the NKG RF08, to-

gether with the re-aligned NKG RF03vel intraplate ve-
locities (VNKG RF03vel ETRF2000) for all stations are given in
the Appendix 2.

4 Conclusions
We have developed a transformation procedure to access
the Nordic/Baltic ETRS89 realizations from any ITRF solu-
tion at an arbitrary epoch. The transformation makes use
of the de facto transformation by the EUREF with neces-
sary additional steps. The procedure includes a new com-
mon NKG reference frame as well. The common frame was
aligned to the ETRF2000 at the epoch 2000.0, named as
the NKG ETRF00. While NKG ETRF00, as a realization
of the ETRS89, is fixed to the Eurasian plate, one may use
theNKG2008 solution aligned to ITRF2008(2008.75) as the
common frame in the Arctic (outside the Eurasian plate).
We have named this NKG2008 solution as the NKG RF08
(similarly to NKG2003 campaign solution, NKG RF03).

Selection of the ETRF2000 as the underlying refer-
ence frame for the NKG ETRF00 follows the recommen-
dation of the EUREF TWG and with this choice the result-
ing common frame is close to the national ETRS89 co-
ordinates as well. Even if the Nordic/Baltic ETRS89 real-
izations are close to each other, 1–4 cm compared to the
NKG ETRF00, there might be applications requiring bet-
ter consistency. The NKG ETRF00 is useful in such appli-
cations. Secondly, the epoch 2000.0 is congruent with the
national height systems (most of them being implemen-
tations of the EVRF2007), meaning the same “land up-
lift” epoch as the orthometric or normal heights in most
Nordic/Baltic countries. These choicesmean that the com-
mon frame can be used e.g. in the Nordic geoid project.

With the common epoch and the selected procedure,
we have compromised that the intraplate corrections are
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Table 8: Transformation parameters PNKG1,CC from the common NKG reference frame NKG ETRF00 to national ETRS89 realizations at the
epoch 2000.0, ETRFyy(2000.0). Transformation is defined and parameters given at the epoch 2000.0. Parameters PNKG1,CC are associated
and should be used only with intraplate corrections from the re-aligned NKG RF03vel model (NKG RF03vel ETRF2000), see Fig. 2 for
more details.

Country TX [m] TY [m] TZ [m] D [ppb] RX [mas] RY [mas] RZ [mas]
Denmark 0.03863 0.14700 0.02776 −9.420 6.17753 0.05064 0.04729
Estonia 0.12194 0.02225 −0.03541 −5.626 2.27196 −3.23934 2.47008

Faroe Islands −0.10947 0.23500 0.09432 −2.626 7.34019 4.54595 −2.53141
Finland 0.07251 −0.13019 −0.11323 13.012 −1.57399 −3.08833 4.10332
Latvia 0.41812 −0.78105 −0.01335 0.757 −21.64360 −11.51840 17.19911

Lithuania 0.05692 0.11549 −0.00078 −6.182 3.14291 −1.47975 −1.34758
Norway −0.13116 −0.02817 0.02036 6.569 −0.38674 4.08947 1.03588
Sweden −0.01642 −0.00064 −0.03050 1.861 1.87431 0.46382 2.28487

Table 9: Transformation parameters PNKG2,CC from the common NKG reference frame NKG ETRF00 to national ETRS89 realizations at the
epoch 2000.0, ETRFyy(2000.0). Transformation is defined and parameters given at the epoch 2000.0. Parameters PNKG2,CC are associated
and should be used only with intraplate corrections from the original NKG RF03vel model, see Fig. 2 for more details.

Country TX [m] TY [m] TZ [m] D [ppb] RX [mas] RY [mas] RZ [mas]
Denmark 0.02746 0.14404 0.02104 −6.958 6.09221 0.21292 −0.02866
Estonia 0.11680 0.02088 −0.03851 −4.492 2.23263 −3.16453 2.43507

Faroe Islands −0.10947 0.23500 0.09432 −2.626 7.34019 4.54595 −2.53141
Finland 0.06618 −0.13187 −0.11704 14.407 −1.62235 −2.99635 4.06027
Latvia 0.40283 −0.78511 −0.02256 4.128 −21.76047 −11.29611 17.09507

Lithuania 0.06483 0.11759 0.00398 −7.925 3.20336 −1.59472 −1.29376
Norway −0.14171 −0.03097 0.01401 8.894 −0.46734 4.24277 0.96413
Sweden −0.01748 −0.00092 −0.03114 2.093 1.86625 0.47915 2.27769

applied to ETRS89 coordinates. In principle ETRS89, while
beingfixed to the stable part of the Eurasianplate, has zero
velocities. However, in practice instability of the Eurasian
plate can be seen e.g. as non-zero ETRF2000 velocities
in the EPN solutions. Intraplate deformations are under
discussion within the EUREF working group of deforma-
tion models but currently, there is no standardized way
to correct the deformations. Consequently, the official rec-
ommendation is not to apply any corrections at the mo-
ment. With this example from the Nordic/Baltic area, we
present the methodology for transformation between cur-
rent ITRF realization at arbitrary epochs and national re-
alizations of the ETRS89, including the parameters for the
transformation and the model for crustal deformations.
Since the coordinates of the national realizations have a
clear epoch of validity, they are by definition static over
time (no velocities in the national realizations). By apply-
ing this kind of methodology, we believe that the sustain-
ability of the ETRS89 realizations at national level can be
extended substantially, to the benefit for both end users

as well as authorities responsible of the national geodetic
reference frames.

We have defined and introduced transformation pa-
rameters to align the velocities of theNKG RF03velmodel
accurately to the ETRF2000 velocities. The intraplate cor-
rections to be applied in the transformation should be
taken from the re-aligned NKG RF03vel model. However,
we have not introduced nor published a corresponding
new model (e.g. grid files) from the old NKG RF03vel
model since a new model with amended geodetic data is
in plans of the Nordic Geodetic Commission in the near fu-
ture.

The transformation was defined to go via the com-
mon frame (using it as the transformation hub) to the na-
tional ETRS89 realizations. This includes several transfor-
mation steps but the procedure can be simplified by com-
bining transformation parameters and intraplate correc-
tions from the different steps.

The transformations between ITRF2008 and national
ETRS89 coordinates can be performed at a few millimetre
level (1σ) for most of the Nordic/Baltic countries. The pro-
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cedure seems to work quite well for several decades ahead
as well.
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