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Abstract

The horizontal and vertical kinematics of Nor-
way are determined on the basis of two repeated
GPS campaigns for 24 points and a network of
9 permanent GPS sites. Comparing the horizon-
tal velocities to NUVEL-1A-NNR predictions,
good agreement is found for the north component,
while there is a significant difference in the east
component. For this component, a residual ve-
locity of approximately 3 mm/yr towards west is
found.

ETRSA89 is realised using NUVEL-1A-NNR and
thus, there is a secular horizontal motion of Nor-
way with respect to EUREF89, the national re-
alisation of ETRS89. Part of this secular mo-
tion is due to intraplate deformations with the
main contribution in Norway being the horizon-
tal motion due to postglacial rebound. Replacing
the NUVEL-1A-NNR pole for the Eurasian plate
with a new pole recommended in EUREF Res-
olution 2 of 2001 bears the danger of absorbing
part of the postglacial signal in a new realisation
of ETRS89.

1 Introduction

Geodetic reference systems are commonly re-
alised by a set of points for which initial epoch co-
ordinates and (optional) linear velocities are given
(see, e.g Altamimi & Boucher, 2001). Conse-
quently, for the analysis of space-geodetic obser-
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vations from different epochs, a model for sta-
tion motion is required, which includes geophysi-
cal models for processes affecting station position
relative to the reference frame.

The presently used methodology for fixing ref-
erence frames causes problems in the geophysi-
cal interpretation of time series of station coor-
dinates since parts of the surface motion due to
a given geophysical process may be absorbed in
the reference frame itself. As shown recently by
Nocquet et al. (2001), particular care needs to be
taken when fixing regional reference frames to the
“stable” part of a tectonic plate, as the identifica-
tion or selection of the “stable” part determines
the relative station velocities with respect to the
reference frame. Thus, a subsequent geophysical
interpretation may be affect by the specific selec-
tion of the ”stable” part.

In what follows we will first comment on the
model widely used to account for station motion.
We will then use the Norwegian national refer-
ence frame (see end of Section 2) and GPS data
from Norwegian networks (see Section 3) to elu-
cidate potential ambiguities in the geophysical in-
terpretation of surface motion due to reference
frame fixing (Section 4).

2 Comment on the station mo-
tion model

In the analysis of space geodetic observations, a
model for the station movement is used, where the



position of a point z;,7 = 1,2, 3 is given by
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where t is the time, t, the origin of time, 20 *

the point coordinates at time (or epoch) ¢t = %,
v?i = 1,2,3 is a constant, linear velocity of
the point, and g{ ,t = 1,2, 3 are geophysical pro-
cesses, which affect the point coordinates (see,
e.g. McCarthy, 1996).

In analyses of space-geodetic observations taken
at a fixed point, unknowns are often z¥ and v}
while models are used to correct for geophysical
processes thought to be known with sufficient ac-

curacy.

For computation of time series of station coordi-
nates for ¢t = t;,l = 1, ..., N, it is most common
to analyse data of a full day and to use

N
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as model for the station coordinates, where the
unknowns for each sample time ¢; are x!. The co-
ordinates given in time series therefore are nor-
mally residuals with respect to the models used in
the analysis and this has to be taken into account
in the geophysical interpretation of the time se-
ries.

It is important that the geophysical processes in
egs. (1) and (2) do not contribute to a linear move-
ment or a coordinate offset (see, e.g., the discus-
sion of Earth tides and the pole tide in McCarthy,
1996). The necessity to elliminate constant and
secular contributions from the models results in
non-uniqueness in the practical use of the equa-
tions. Therefore, we choose to write eq. (1) as

) = a? +Zgz )+ 8gi(t) + €(t),  (3)

where we have omitted to write that all terms on
the right-hand side are dependent on position (i.e.
on ). g{ are the complete coordinate variations
due to all known geophysical processes includ-
ing constant offsets and secular changes. dg rep-
resents the contribution of unmodelled geophysi-
cal processes. € stands for the observation errors

and errors due to other processes affecting the co-
ordinates without actually corresponding to point
movements. Eq. (3) can be written as

) = o +Zgz é(t).

4)
In eq. (4), ¥ is a residual linear velocity which
absorbs all secular changes in dg; and ¢;.
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For the geophysical interpretation of geodetic
time series describing station movements, it
would be better to have access to x;(;) instead
of z! as defined in (2).

The IERS conventions (se McCarthy, 1996) give
recommendations on how to model the geophysi-
cal processes in the space-geodetic analyses. The
list includes

e Earth tide;

ocean tidal loading;

deformation due to polar movement;

deformation due to atmospheric loading;

post-glacial deformations;

plate tectonics.

Not included are hydrological and cryospheric
loading, deformation induced by sedimentation
processes, deformation due to groundwater and
oil/gas extraction, neo-tectonics. The boundary
between what is recommended to be modelled
and what not appears to be between known and
unknown processes. Thus, the aim appears to be
to create station coordinates that, after having re-
moved all known variations, show the least vari-
ations over time. For geophysical interpretation,
we are left with

z, l=1,...,N (5
This cause a dilema for geophysical interpreta-
tion. In what follows, we will use plate tectonics
and post-glacial rebound as an example. In Scan-
dinavia, these two processes are the main contri-
bution to secular changes in station coordinates

with respect to a global reference frame.



The IERS conventions recommend to use the
NUVEL-1A-NNR model to account for plate tec-
tonic movements. This model gives the rotation
vectors of the major (rigid) tectonic plates, which
have been determined on the basis of geologi-
cal evidence from the last several million years
(DeMets et al., 1990, 1994). Comparison with
geodetically determine velocities for the global
geodetic networks show very good agreements in
stable areas. It should, however, be mentioned
that the extension and exact boundaries of the pre-
sumably large areas with signifcant horizontal de-
formation are not globally known (see, for exam-
ple, Fig. 6 in Stein, 1993).

The IERS recommendation has also been taken
up by EUREF in the realisation of the EUREF ref-
erence system. Consequently, the national geode-
tic authorities have based the realisation of EU-
REEF in their countries on the use of NUVEL-1A-
NNR (see for example Kristiansen & Harsson,
1999; Jivall & Lidberg, 2000).

The official Norwegian reference frame, which is
called EUREF89, EUREF89 originates from the
EUREF-NOR94 and EUREF-NOR95 campaigns
(Kristiansen & Harsson, 1996, 1999). For these
campaigns, observation time was 3 days for each
point. Fixing the reference frame in ETRS89 was
performed according to the recommendations of
the EUREF Commission (Boucher, 1994). There,
three steps are specified, namely (i) computation
of point coordinates at t., the central epoch of the
observations, in the nearest ITRF, (ii) transforma-
tion of coordinates to ETRS89 at central epoch,
and (iii) referring the coordinates to initial epoch
1989.0. In step (iii),

XP(89.0) = XP(t,) + XF - (1989.0 — t,) (6)

is used, where X Z are the coordinates and X Z the
station velocities in ETRS. In step (i), coordinates
were computed in ITRF93. In step (ii), NUVEL-
1A-NNR is used to account for the rigid tectonic
motion of the European plate. Therefore, for sta-
ble parts, XP = 0 can be assumed according to
Boucher & Altamimi (2001). Due to lack of a re-
liable model for postglacial rebound, no attempt
was made to correct for intraplate motion in the
fixing of EUREF89 in Norway. Thus, it was as-

sumed that

X*(89.0) = X"(t.) (7)

where t. ~ 95.0.

Below, we will discuss the consequences of the
specific selection made for steps (ii) and (iii). Be-
fore that, in the next section, we give a brief ac-
count on the GPS data and analysis used to derive
station velocities.

3 GPS observations and analy-
Sis

The Norwegian Mapping Authority operates a
network of currently 15 continuous GPS (CGPS)
stations to provide a national geodetic reference
frame (see Figure 1). For 9 of these stations we
have available observations from February 1997.
The stations are equiped with dual frequency re-
ceivers and choke ring antennas. Data acquisition
is done in near real time at the control center at
Hgnefoss.

Moreover, 119 so-called 4-D points' are estab-
lished for repeated GPS campaigns. These points
are equipped with permanent bolts. The bolts are
threaded so that a GPS antenna can be screwed
onto it and thereby a forced and repeatable center-
ing is ensured. Inital epoch measurements were
carried out on all points in the 1994, 1995, and
1996 campaigns. 24 points initally measured in
1994 were reoccupied in 1998. For these points,
displacement vectors over a period of 4 years can
be computed.

Both the data from the CGPS sites and the reoc-
cupied campaigns have been analysed using pre-
cise point positioning with GIPSY/OASIS-II in a
solution based on JPL non-fiducial orbits, clocks,
and Earth rotation parametres. The non-fiducial
coordinates are transformed to ITRF97 at central
epoch. For the CGPS sites, velocity vectors are
determined from a least squares fit of a straight

'The points are called 4-D points to emphasise the
fourth dimension time in addition to the three spatial coor-
dinates; that is, the 4-D points are intended for monitoring
surface movements through repeated campagins.
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Figure 1: Permanent and episodic GPS sites in Norway.
Circles are CGPS sites. Triangles are 4-D points occupied both in 1994 and 1998. Other
symbols represent 4-D points measured once in 1994, 1995 or 1996.

line to the coordinate time series starting at Febru-
ary 1997. For the 4-D points, velocities are deter-
mined from the displacement vectors between the
two campaigns in 1994 and 1998.

4 Comparison of observed
kinematic and models

In Fig. 2, we compare the horizontal velocities
for the CGPS sites and the 4-D points given in
ITRF97 to the predictions of NUVEL-1A-NNA.
For the north component, the observed veloci-
ties are in good agreement with the model predic-
tions. For the east component, however, we see

a systematic difference with the observed veloci-
ties being of approximately 3 mm/yr less than the
predicted ones.

It should be mentioned here that no difference
is seen between the observed velocities from the
CGPS and the campaign points. For the horizon-
tal velocities, the repeated campaigns four years
appart appear to give rather reliable results. But
below we will see that this is not the case for ver-
tical velocities.

The difference between the observed and pre-
dicted east velocities can be interpreted as a
movement of Norway relative to NUVEL-1A-
NNR. Using NUVEL-1A-NNR in referring coor-
dinates from the observation epoch to EUREF89
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Figure 2: Comparision of observed and predicted horizontal velocities.
The diagrams show on the horizontal axes horizontal velocities predicted by NUVEL-1A-
NNR and on the vertical axes observed velocities for the north (left diagram) and east com-
ponent. Triangles: CGPS sites, cross: 4-D points in southern Norway; boxes: 4-D points in

northern Norway.

in Norway thus results in an error § X g,

6XEast - _3. (t o tgffective) (8)

where ¢ is the time of measurement in years,
0 XEast 1 MM, tgffecﬁve is not 1989.0, the refer-
ence epoch but rather approximately 1994.6, the
time when the observations for the realisation of
EUREF89 were carried out. In the realisation of
EUREF89, NUVEL-1A-NNR has been used to
model the rigid tectonic motion of the European
plate (Kristiansen & Harsson, 1999; Boucher &
Altamimi, 2001) and for measurements prior to
1994.6 no error would be introduced.

We ask now whether the relative movement of
Norway with respect to NUVEL-1A-NNR can
be explained by horizontal motion due to post-
glacial rebound. The horizontal post-glacial re-
bound signal (pgs) has been discussed in a se-
quence of papers over the last years (see, e.g.
James & Morgan, 1990; Mitrovica et al., 1994;
Milne et al., 1999) and despite some unresolved
differences in the model predictions, the veloci-
ties are found to be of the order of a few mm/yr.
Fig. 3 shows the horizontal velocities for a typical

model (Milne et al., 1999).

In Fig. 4, the differences between the ob-
served and NUVEL-1A-NNR predicted veloci-
ties (which we denote as relative velocities be-
low) are compared to the pgs predictions of the
model in Fig. 3. For the north component, no
significant differences between the relative veloc-
ities and the pgs predictions are found. However,
this is mainly due to the uncertainties in the ob-
served relative velocities, which are larger than
the predicted pgs signal. For the east compo-
nent, the predicted pgs velocities are systemati-
cally smaller than the observed relative velocities.
Thus, the geophysical post-glacial rebound model
explains the west movement of Norway relative to
NUVEL-1A-NNR only partly. Here we have to
point out that geophysical models using other ice
histories or viscosity profiles in the Earth’s mantle
predict larger or smaller velocities towards west
(see e.g. Milne et al., 2001). Does this mean that
the relative velocities can be used to distinguish
between different geophysical models? Or are
these relative velocities affected by secular move-
ments of the reference frame?
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Figure 3: Predicted horizontal movement due to post-glacial rebound.
The model is from Milne et al. (1999). Arrows point in direction of movement. The scale is
given by the arrow plotted at 30°W,75°N, which corresponds to 1 mm/year.

During the establishment of ITRF2000, Altamimi
& Boucher (2001) (see also Boucher & Al-
tamimi, 2001) determined transformation be-
tween ITRF2000 and ETRF89. Here it is im-
portant to remember that ETRS is defined as a
reference system fixed to the stable part of the
Eurasian plate?. The rotation of ETRF89 with re-
spect to ITRF2001 therefore should be in agree-
ment with the rotation given by NUVEL-1A-
NNR for the Eurasian plate. However, Altamimi
& Boucher (2001) find a rotation vector which is
significantly different from the one in NUVEL-
1A-NNR. For Norway, the difference between the

’see Resolution 1 of the EUREF meeting in Flo-
rence, 28 - 31 May 1990, available at http://www.euref-
iag.org/resolutions.html#Florence.

ITRF2000 rotation and the NUVEL-1A-NNR ro-
tation results in a nearly homogeneous horizontal
velocity field of approximately 3 mm/yr towards
north-west. This corresponds very well to the dif-

ferences between observations and NUVEL-1A-
NNR described above.

Boucher & Altamimi (2001) specify the routines
for referring GPS results given in a ITRF at
central epoch to ETRF89. For ITRF2000, they
suggest to use the new ITRF2000 pole for the
Eurasian plate instead of the NUVEL-1A-NNR
pole. In Resolution 2 accepted at the eleventh EU-
REF meeting in Dubrovnik, May 20013,it is rec-

3 see

iag.org/resolutions.html#Dubrovnik.

http://www.euref-
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Figure 4: Residual horizontal velocities versus pgs predictions.
The diagrams show on the horizontal axes the horizontal movement due to post-glacial re-
bound predictions of the model given in Fig. 3. On the vertical axes, the differences between
observed velocities and NUVEL-1A-NNR predictions are given. Left: north component; right:
east component. Symbols are the same as in Fig. 2.
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Figure 5: Comparison of GPS-determined vertical velocities with land uplift models.
Diagrams show on the vertical axes observed vertical velocities. The horizontal axes show
the velocities computed from the emphirical modell (Danielsen, 1999, left diagram) and the
geophysical model (Milne et al., 1999, right diagram). Please, note that the scale on the
vertical axes is different from the one on the horizontal axes. Points with perfect agreement
between models and observation lie on the line. Symbols are the same as in Figure 2.
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Figure 6: Vertical velocity predicted by the emphirical land uplift model.
The model is the emphirical model, which is the official land uplift model of the Geodetic
Institute, Norway (Danielsen, 1999). Separation of isolines is 1 mm/yr.

ommended to replace the NUVEL-1A-NNR pole
for the Eurasian plate through the new ITRF2000
pole. It is important to point out that Altamimi &
Boucher (2001) used
V=dxX 9)
to determine the rotation vector & for Europa on
the basis of 19 selected ITRF stations with high
geodetic quality. Station distribution is such that
the new pole is more representative for western
Europe than the whole Eurasian plate. For Nor-
way, another point is even more important: it is
possible that the station distribution has resulted

in a large part of the horizontal movement due
to postglacial rebound being absorbed in the ro-

tation. It may be more appropriate to use

V=0xX+V (10)

to determine a rotation pole for Europe, where
Vpes 18 the horizontal velocity predicted by a geo-
physical postglacial model. 7y is an unknown scale
factor which is introduced to account for uncer-

tainties in the model used.

In Figure 5, the observed vertical velocities are
compared to two different models for vertical ve-
locities. One model is the currently accepted
model for land uplift of the Geodetic Institute,
Norway. This model is an emphirical model de-
termined on the basis of tide gauge data, precise
levellings, and century-long observations of bi-
ological waterlevel indicators (Danielsen, 1999).
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Figure 7: Vertical velocity predicted by the geophysical model.
The model is the one from (Milne et al., 1999). Separation of isolines is 1 mm/yr.

The other model is the geophysical model used
above for predictions of horizontal velocities
(Milne et al., 1999). Isolines of the vertical ve-
locities for both models are shown in Figures 6
and 7.

In Figure 5, it is obvious that the vertical veloc-
ities determined from the 4-D points have much
larger variance than the velocities from the per-
manent sites. For the permanent sites, agreement
with the emphirical model (see Figure 6) is con-
siderably better than with the geophysical model
(see Figure 7). The geophysical model appears to
overestimate the vertical velocities. This is par-
ticularly clear in Figure 8, where the two models
are compared directly.

5 Conclusions

For Norway, a significant difference in horizontal
motion predicted by NUVEL-1A-NNR and ob-
served by GPS of the order of 3 mm/yr is found.
Since ETRS is realised using the NUVEL-1A-
NNR rotation pole for the Eurasian plate to ac-
count for the rigid tectonic motion, the Norwe-
gian stations have a relative secular velocity with
respect to EUREF89, the Norwegian realisation
of ETRS, of the same order. Thus, the assumption
of fixed coordiantes in EUREF89 leads to errors
of the order of 3 cm/10 year if not corrected for
the relative velocity.

The difference between NUVEL-1A-NNR pre-
dictions and observed velocities can only partly
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Figure 8: Comparison of the emphirical and geo-
physical land uplift models.

On the horizontal and vertical axis, veloc-
ities predicted by the geophysical model
(Milne et al., 1999) and the emphirical
model (Danielsen, 1999)) are given, respec-
tively. The predicted values are given for all
points where observed velocities are avail-
able. Symbols are the same as in Figure 2.

be explained by intraplate deformations due to
post-glacial rebound. Using a new rotation pole
for the Eurasian plate, as suggest by Altamimi &
Boucher (2001) and recommended in Resolution
2 accepted by EUREF at the 2001 meeting, would
on the one hand reduce the relative velocities with
respect to a new realisation of ETRS89 for Nor-
way to below 1 mm/yr. On the other hand, us-
ing this new rotation pole bears the danger that a
large part of the horizontal intraplate motion due
to postglacial rebound is absorbed in the ETRS89
realisation and affecting all other stations in Eu-
rope.

Therefore, we suggest that a more complex model
equation is set up to represent both the rigid plate
motion as well as major intraplate deformations.
Using such an equation to separate between rigid
plate motion and intraplate deformation would re-
duce the mutual bias of these effects. In particu-
lar, using a more complete equation for secular
station motion including models of intraplate de-
formation together with the methodology used by
Nocquet et al. (2001) to specify the stable part of

aregion, might help to identify regions of stability
with less uncertainty.
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