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Monitoring the Bedrock Stability in Olkiluoto – Summary of Campaign 
Based GPS Measurements in 1996–2011 
 
ABSTRACT 
 
The Finnish Geodetic Institute has monitored crustal deformations in Olkiluoto since 
mid-1990s. This is a final report of campaign based GPS measurements carried out in 
1996–2011. The aim of the research has been monitoring the bedrock stability in the 
Olkiluoto area. 

The research were started in 1995, when a local GPS network of ten pillars, called inner 
network, was established on Olkiluoto Island. The research area was expanded in 2003–
2005 with four new pillars (outer network) established at 5-10 km distances from the 
inner network. One of the pillar points is the Olkiluoto permanent GPS station. Regular 
biannual measurement campaigns have been carried out on other pillar points.  

Data quality indicators of raw GPS data allow us to inspect the quality of the data itself, 
but also to analyse the quality of the observing site. Changes in the indicators reflect 
changes in surrounding environment of the station, like construction works and tree 
growth. The sky plots showed clearly the obstacles blocking the incoming signals at 
some sites. 

The GPS data history was processed using Bernese 5.0 GPS Software. Regional 
analysis was carried out by analysing movements of Olkiluoto permanent station with 
respect to a few other FinnRef station. The time series showed high global stability of 
Olkiluoto site. The local networks were analysed by computing baseline length time 
series and one-dimensional strain rates for baselines, and by estimating two-dimensional 
strain tensors for triangulated network. Most of the inner network baselines show very 
small motions: 75 % of baseline length change rates and strains are smaller than 0.10 
mm/y and 0.10 ppm/a, respectively. The maximum change rate and strain (-0.19 mm ± 
0.04 mm/a, -0.29 ppm/a) was between GPS9 and GPS13. The results of the outer 
network indicate a small motion of the GPS1 station with respect to stations in 
mainland: the baseline length change rate between GPS1 and GPS11 is -0.42  0.06 
mm/a and strain 0.05 ppm/a. 

The vertical velocities of GPS time series were compared to levelling time series and a 
land uplift model. Both the GPS and levelling results showed a similar ridge like 
deformation pattern, although the levelling still outdo the GPS measurements in 
reliability and accuracy. The land uplift model is sparse and the GPS and levelling 
results show much smaller details of the local land uplift. The maximal difference in 
vertical velocities was 0.3 mm/a between GPS and land uplift model. 

Each GPS station has two control markers measured every third year using tachymeter 
for controlling the possible movement of the pillars. The measurement accuracy was 
high: 0.1–0.3 mm uncertainties for the horizontal coordinates in a local system were 
achieved. Based on the results, all pillars have been stable, but some control markers 
have been damaged during the years. 

The EDM baseline was established in order to define the scale difference observed in 
early 2000s. However, the EDM observations have proved to be even more valuable for 
verifying the GPS data processing parameters and models. The differences between 
EDM and GPS measurements in 2002–2005 and 2006–2011 were 0.6 mm and 0.03 



 

 

mm, respectively. The total uncertainties were roughly 0.2 mm for EDM and 0.6 mm 
for GPS. Remaining differences between the observation techniques originate most 
likely from the site specific effects in GPS measurements. 

The measurement will continue mainly with permanent GPS stations. All reasonable 
inner network pillars will be equipped for permanent observations, and four new pillars 
for permanent observations have been established to improve the coverage of the 
networks. The quality of the sites has to be monitored continuously in order to 
guarantee high quality observation data. The EDM baseline measurement between 
GPS7 and GPS8 is not anymore necessary, as high consistency between different 
techniques has been achieved. 

Keywords: Deformation studies, GPS measurements, crustal movements. 

 



 

 

Olkiluodon, Kivetyn ja Romuvaaran tutkimusalueilla vuonna 2011 tehtyjen 
GPS-mittausten tulokset 
 
TIIVISTELMÄ 
 
Geodeettinen laitos on tutkinut maankuoren liikkeitä Olkiluodossa 1990-luvun puoli-
välistä alkaen. Tässä loppuraportissa esitetään GPS-kampanjamittausten tulokset. Tutki-
muksen tarkoitus on ollut monitoroida Olkiluodon alueen kallioperän vakautta. 

Tutkimus aloitettiin vuonna 1995, jolloin kymmenen pilarin GPS-verkko perustettiin 
Olkiluodon alueelle (sisäverkko). Tutkimusaluetta laajennettiin vuosina 2003–2005 
perustamalla neljän pilarin ulkoverkko noin 5-10 km etäisyydelle Olkiluodosta. Yksi 
sisäverkon pilareista on Olkiluodon pysyvä GPS-asema. Muut pilarit on mitattu 
kahdesti vuodessa kampanjamittauksin. 

GPS-datan laatua voidaan tarkastella laskemalla laatuindikaattoreita, jotka kuvaavat 
sekä aseman laitteiston (vastaanotin, antenni) toimintaa sekä asemapaikan hyvyyttä. 
Muutokset indikaattoreissa heijastaa asemapaikan ympäristön muutoksia, kuten 
rakennustöiden aiheuttamia muutoksia tai puiden kasvua. Muutamilla asemilla voitiin 
selvästi havaita kohteita, jotka estävät GPS-signaalin vastaanottamisen. 

GPS-datahistoria laskettiin Bernese 5.0 GPS-laskentaohjelmistolla. Koordinaattiaika-
sarjat analysoitiin laskemalla pisteiden väliset muutosnopeudet ja venymätensorit. 
Olkiluodon sisäverkossa 75 prosentilla muutosnopeus ja venymä on alle 0.1 mm/a ja 0.1 
ppm/a vastaavasti. Suurin muutos ja venymä (-0,19 mm ± 0,04 mm/a, -0,29 ppm/a) 
havaittiin välillä GPS9-GPS13. Ulkoverkon tulokset viittaavat GPS1:n pieneen 
liikkeeseen suhteessa ulkoverkon pisteisiin. Suurin tilastollisesti merkittävä muutos ja 
venymä on GPS1 ja GPS11 välillä (-0,42  0,06 mm/a ja 0,05 ppm/a). Paikallisten 
verkkojen lisäksi Olkiluodon pysyvän aseman liikkeitä suhteessa muutamaan muuhun 
FinnRef-asemaan tutkittiin. Näiden noin 200 km vektorien aikasarjojen perusteella 
nähdään, että Olkiluoto on hyvin vakaa.  

Vaakaliikkeiden lisäksi GPS:llä määritettyjä korkeuksien muutosnopeuksia verrattiin 
vaaituksilla määritettyihin ja maannousumallin arvoihin. Sekä GPS- että vaaitus-
tuloksista havaitaan samanlainen harjanne GPS4 ja GPS6 välillä. Vaaitushavainnot ovat 
kuitenkin sekä tarkkuudeltaan että luotettavuudeltaan GPS:ää parempia. Verrattaessa 
GPS:n ja maannousmallin välisiä maannousunopeuksia, suurin ero oli 0,3 mm/a. 
Maannousumallin aineisto on harva ja se kuvaa vain yleisellä tasolla maannousua. 

Jokaisella GPS-pilarilla on kaksi varamerkkiä, jotka on mitattu takymetrillä joka kolmas 
vuosi ja joilla kontrolloidaan pilarin vakautta. Varamerkit on määritetty hyvin tarkasti: 
vaakakoordinaattien epävarmuus paikallisessa koordinaatistossa 0,1–0,3 mm. Kaikki 
pilarit ovat tulosten perusteella vakaita, mutta muutaman pisteen varamerkeistä toinen 
on vaurioitunut. 

EDM-perusviiva perustettiin 2000-luvun alussa GPS-tuloksista havaitun mittakaava-
virheen määrittämiseksi. EDM-havainnot osoittautuivat myöhemmin erittäin arvok-
kaiksi referenssiaineistoiksi GPS-laskentaparametrien ja -mallien valitsemiseksi. Erot 
EDM- ja GPS-mittauksissa on 0,6 mm vuosina 2002–2005 ja 0,03 mm vuosina 2006–
2011. Kokonaisepävarmuudet olivat noin 0,2 mm EDM:lle ja 0,6 mm GPS:lle. Jäljelle 



 

 

jääneet erot johtuvat suurelta osin asemapaikkojen lähiympäristön vaikutuksista 
mittauksiin.  

Mittaukset tulevat jatkumaan pääosin pysyvillä GPS-asemilla. Kaikki järkevästi toteut-
tavissa olevat sisäverkon pisteet varustetaan pysyvillä GPS-laitteistoilla ja neljä uutta 
pysyvää asemaa on jo rakennettu parantamaan sisäverkon kattavuutta. Asemien lähi-
ympäristön ja datan laatua täytyy seurata jatkuvasti, jotta kallioperän liikkeitä voidaan 
analysoida luotettavasti. EDM-mittauksille välillä GPS7 ja GPS8 ei ole enää tarvetta, 
koska yhteneväisyys EDM- ja GPS-tulosten välillä on saavutettu. 

Avainsanat: Deformaatiotutkimus, GPS-mittaukset, maankuoren liikkeet.
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1 INTRODUCTION 

The Finnish Geodetic Institute has monitored crustal deformations in Olkiluoto since 
mid-1990s. At the time, the Global Positioning System (GPS) had become a 
revolutionary method for determining horizontal deformations over large areas. The 
visibility between sites was not anymore required and even millimetre level accuracy 
could be achieved by using geodetic data processing methods. Thus, the GPS monitoring 
was considered an ideal tool for monitoring the bedrock stability of the candidate sites of 
final nuclear power repository, where reliability was required for making decision about 
the location. 

At Olkiluoto, Kivetty and Romuvaara candidate sites local GPS networks were 
established including one permanent GPS station. The construction work started first at 
Olkiluoto in 1994, when ten reinforced concrete pillars for GPS observations, located in 
different geological blocks, were established (Chen and Kakkuri 1995). In addition, two 
stainless steel bolts were installed for each pillar as control markers. Next year similar 
networks of seven pillars were constructed to both Kivetty and Romuvaara. During the 
first year test measurements were carried out and orientations of the antennas to the true 
North were measured and marked. 

The regular biannual measurement campaigns were started at all sites and the permanent 
stations started to operate in 1996. The local networks were measured in two sessions due 
to limited number of choke ring antennas at the time. Each site was observed roughly six 
hours. The critical limiting factors for session length were the battery life and data storage 
capacity. A few years later more antennas were available and the sessions were fixed so 
that the same antenna was set up every time on the same pillar to avoid any antenna phase 
centre related errors. The solar cycle reached its maximum in 2000 and the campaign 
measurements were not carried out that year due to high solar activity causing 
ionospheric disturbances. Thereafter the observations sessions were lengthened to last 24 
hour. The Olkiluoto was selected for the nuclear waste repository in 2002 and the 
research concentrated on the area. However, the observations at Kivetty and Romuvaara 
continued annually as they provided reference data for Olkiluoto research. 

The preliminary results of the first five years raised a question of potential scaling error 
of GPS observations caused by ionospheric refraction and its modelling (Ollikainen et al. 
2004). In order to validate the GPS measured distances, a baseline for electronic distance 
measurement (EDM) was established between two pillar points GPS7 and GPS8 in 2002 
(Ollikainen et al. 2004). The distance measurement became a part of the biannual GPS 
measurement campaign.  

Additionally, in order to improve the monitoring of vertical changes, precise levelling 
campaigns were started in 2003 (Lehmuskoski 2004). The precise levelling of GPS pillars 
has been carried out every second year and the loops near the ONKALO excavation 
(Underground Rock Characterisation Facility) have been levelled annually. 

The GPS monitoring system has also been developed gradually. In 2003 the network was 
expanded to the North of Olkiluoto Island in order to monitor crustal movements at an 
old fracture zone, passing along Euranjoensalmi strait. Two new pillars were established 
at 5 – 10 km distances from the Olkiluoto permanent station (Ollikainen et al. 2004). At 
the same time another GPS deformation research project, called Geo-Satakunta, was 
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launched and a GPS network was established in Satakunta region covering cities of Pori 
and Rauma and their neighbouring municipalities (Poutanen et al. 2010). A few years 
later the Geo-Satakunta network was expanded southwards and connected to the 
Olkiluoto network. Two new pillars were built in the vicinity of Olkiluoto research area. 
In this way these four pillars in total, at the distances of 5 – 10 km from Olkiluoto 
permanent GPS station, formed the Olkiluoto outer network and local network built in 
1994 was designated as inner network. Only a single pillar of the original inner network 
(GPS10) has been destroyed up to now and it was replaced by a new one (GPS13) 
locating a few hundred meters west from the original pillar. 

At the moment Olkiluoto inner network is under modernisation changing from periodic to 
continuous observations. In addition, four new stations have been built in 2010 to the 
southeast of original inner network to cover the whole Olkiluoto Island and to monitor 
possible motions of the island with respect to mainland. The permanent GPS time series 
enable more efficient deformation analysis. We can achieve the same accuracy for the 
station velocities in about two year as we have achieved until now with 15 years of 
campaign measurements. We are also able to detect discontinuities in the time series in 
addition to the secular changes.  

In this report, the results of 15 years monitoring at Olkiluoto area are presented. We 
analyse the campaign measurement time series of local GPS networks and stability of 
permanent Olkiluoto site compared to other FinnRef stations in 1996-2011. The results of 
levelling campaigns are reported in separate reports, but the combined analysis of GPS 
and levelling time series is included here. The latest results of Kivetty and Romuvaara 
have been reported in (Kallio et al. 2011) and are not discussed here. 
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2 GPS MONITORING NETWORKS AND MEASUREMENT AT OLKILUOTO 

The Olkiluoto investigation area consists of two local GPS networks (Figure 2-1). The 
original network established in 1994, called inner network, consists of ten pillars points 
(black circles in the figure). One of the pillars point is a permanent station (GPS1). The 
additional four pillars, established in 2003-2005, is called outer network (red circles). 
Only one inner network pillar (GPS10) has been destroyed up to now, and it was replaced 
by a new one (GPS13) in 2003. The aim of the inner network is to monitor deformation 
in Olkiluoto island area, whereas the outer network monitors the changes between the 
mainland and the island. To further improve the monitoring of the strait between the 
mainland and the island, four new permanent stations were established in 2011 (blue 
circles). The inner and outer networks are connected to each other via the Olkiluoto 
permanent GPS station, which is also used as a reference station for the networks. 

 

Figure 2-1. The local GPS monitoring networks at the Olkiluoto research area. Black: 
Original network has been established in 1994 (GPS13 in 2003). Red: Pillars have been 
established in 2003 and 2005. Blue: new pillars for permanent GPS stations have been 
established in 2010. 
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The GPS pillars are made of reinforced concrete on-site. The construction work and 
different pillar types (GPS1-GPS15) are described in Ollikainen et al. (2004). All the 
pillars are attached to the solid bedrock with iron bars. An antenna platform was installed 
on the top of the pillar at the same time the pillar was cast. The antenna is directly 
attached to the platform without any interface or forced centring device, so its height and 
position is preserved between campaigns. We expect the pillars to be stable and that the 
possible movements we observe are due to deformation. We have also established two 
auxiliary markers at pillars in 2001 to control the stability of the pillars using tachymeter 
observations every third year. 

We have carried out biannual measurement campaigns since 1996 using first Ashtech Z-
XII3 and Ashtech Z and later Leica GX1230 dual frequency receivers and Ashtech 
Dorne Margolin Choke Ring antennas. The same antenna has been set up on the same 
pillar every time (expect the first three years) in order to eliminate the individual antenna 
phase centre errors. The measurements have been carried out in 24 hour-long observation 
sessions (except the first campaigns before 2000), which effectively eliminates some 
systematic effects, like satellite geometry and signal multipath related errors. The 
campaigns were also performed at the same time every year to minimize any seasonal 
effects. The measurements have been carried out in two sessions due to limited number of 
antennas. 

One of the pillars point (GPS1) is the Olkiluoto permanent station. It belongs to national 
GPS reference network, FinnRef (Figure 2-2). The station is called OLKI in connection 
to FinnRef network. It has an AOAD/M_T choke ring antenna and Ashtech Z-XII3 
receiver. The Olkiluoto permanent GPS station has collected data continuously since 
1996. The observations have been sampled with 30 s intervals and downloaded to the FGI 
hourly. Together with other FinnRef stations we can monitor motions of Olkiluoto site in 
global reference frame (see more in section 4.1). 

Figure 2-2. The FinnRef network consists 
of 13 permanent GPS stations. 
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3 GPS DATA ANALYSIS AT OLKILUOTO 

3.1 Data quality 

Data quality analysis has two purposes: on one hand it can be used to inspect the quality 
of data itself but on the other hand also for analysing the quality of the observing site. 
The purpose of the former case is mainly to detect sudden instrument failures while the 
latter may give some hints and answers for optimizing the site and analysing the results. 
GPS has many influencing factors ranging from short-term to long-term effects. These 
can be seen best in continuous observations and both in results and data analysis.  

All data quality indicators shown here have been computed with TEQC software by 
UNAVCO (Estey and Meertens 1999). The same cut-off elevation angle of 10 degrees 
that is used in GPS processing was used for quality analysis. Data quality is shown for 
continuous observations at OLKI permanent station (GPS1) as well as for periodic 
campaign data. 

3.1.1 OLKI permanent station 

In Figure 3-1 is shown time series of most common quality indicators for GPS data at 
permanent OLKI station. Top figure shows daily number of completed and expected 
observations and data span of daily observation files between 1996 and 2012. The term 
observation here refers to an observation of a satellite at an epoch and expected 
observations are all the satellite observations that could have been observed at the 
location of the antenna and above the given cut-off angle. Completed observations are all 
collected satellite observations that contain all trackable signals (in our case phase and 
code signals for L1 and L2 frequencies). In ideal case number of expected and completed 
observations equals but in real world some observations are missing due to e.g. 
obstructions between the antenna and satellites. The changing number of expected 
observations in time series shows the development of the GPS constellation (shown with 
blue dots). It has an increasing trend meaning that number of satellites has grown slightly 
during the years. In time series of completed observations (shown with green dots) one 
can see that the annual mean of completed observations remains fairly stable but showing 
a growing annual amplitude. However, looking more carefully the second plot from the 
top showing the ratio of completed and expected observations; it is evident that the trend 
of number of collected observations is slowly decreasing with respect to what could have 
been observed. The difference between expected and completed observations is mainly 
caused by physical obstacles preventing the signal reception in the receiver, i.e. changing 
environment of the OLKI antenna. The trend of the ratio is showing a decrease of 
0.4 %/year being 96.9 % in the autumn 1996 and anymore 90.5 % in the end of 2011.  
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Figure 3-1. Time series of quality indicators for OLKI permanent station between 1996 
and 2012.  
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Together with the satellite visibility plots in Figures 3-2 and 3-3, it is obvious that the 
long-term trend can be explained with general growth of trees around the site obstructing 
visibility to satellites. Also the annual period is most likely caused by the annual change 
in deciduous trees. Some short-term effects are caused e.g. by an instrument failure. This 
was the case for sudden drop in ratio for a short period in the summer-autumn 2000 after 
which the receiver was changed (instrument changes are shown in the Figure 3-1 with 
vertical red and blue lines). The same effects are also visible as growing trends in 
ionosphere and multipath slip plot (third from top in Figure 3-1), code multipath plots 
(fourth from the top) and in bottom plot showing the number of missing data. Ionosphere 
and multipath slips indicate tracking problems that often occur at low satellite elevations 
and are usually related to obstacles. Also active ionosphere during the solar storms and 
data gaps may cause increased number of slips. Code multipath for L1 and L2 is a 
moving average of time windows and changes in it may reflect changes in surrounding 
environment of the station. The multipath values have increased by 10–15 % from 0.62 m 
(L1) and 0.66 m (L2) since the beginning in 1996. Missing data is plotted separately to all 
GPS signals in order to detect instrument failures. The second plot from the bottom 
shows receiver clock millisecond offsets detected by TEQC. Large number of offsets 
indicates that there is a large drift in receiver’s oscillator with respect to the GPS time. 
However, this alone is not an issue for good results since in double differencing approach 
the receiver clock bias is estimated from the data. The number of offsets is also receiver-
dependent; some receivers steer its internal oscillator so that it stays always well within 
one millisecond of GPS time while others only change the sampling times by the amount 
of offsets whenever such occurs. In our case Ashtech Z-XII3 receiver at OLKI station 
belongs to latter type and the relatively large (about 50 ms) offset from 1996 until the 
receiver change in the end of 1998 does not in this case mean receiver failure. However, 
large offset together with some other indicators from TEQC may be an indication of 
unhealthy receiver. 

Figures 3-2 and 3-3 show signal-to-noise ratio and multipath values for frequencies L1 
and L2 together with satellite tracking as sky plots. These can be used as an indication of 
the quality of the site. More important than the absolute values in plots is the change in 
time and of course in space (around the antenna). Figure 3-2 shows the situation in the 
summer 1997 while Figure 3-3 shows the same in the summer 2009. Signal-to-noise 
ratios (SNR) show that the noise level has slightly increased (smaller SNR values) at low 
elevations meaning, that the growing vegetation interferes the satellite signals. The same 
growth is seen in the satellite tracking plot in the middle where one can see that 
especially in N-W sector more data is missing in 2009 compared to 1997. In the plot the 
missing data is shown with red, incomplete observations with orange, complete 
observations with green colour, 5 degree elevation angle with dotted line and 15 degree 
elevation angle with dashed line. As an example one can see from the figures an impact 
of a single tree close to the antenna that is blocking signals up to 15 degrees of elevation 
in direction –170 degrees. This tree was cut down later in 2009. Note that the sky plots 
are looked at like star maps, i.e. East and West directions have switched places. 
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Figure 3-2. Sky plot of OLKI permanent station for DOY 180 in 1997. 

 

Figure 3-3. Skyplot of OLKI permanent station for DOY 180 in 2009. 
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3.1.2 Campaign sites 

The campaign sites have considerably less data compared to permanent station OLKI but 
similar general trend of growing vegetation can be seen at most of the campaign sites as 
well. Since most of the campaign data does not contain a full day observations (from 0:00 
to 23:59) we have chosen to use selected sky plots to analyse the campaign sites instead 
of time series. Because of sub-daily observation files the sky plots of campaign sites have 
more gaps compared to OLKI station (daily observation files) and some red satellite 
tracks but they still give a good overview of the sites. We show examples of some 
changes in surroundings due to growing vegetation but due to construction works as well. 
All these changes may have an influence on results and they may be of help when 
analysing the results. 

An example of construction works can be seen at the campaign site GPS6 where a large 
parking lot (Figure 3-4) has been built around the pillar between 2002 and 2004. Before 
this the point was surrounded by young deciduous trees. The positive effect of cutting the 
trees around the site can be clearly seen as an improved data quality in Figures 3-6 and 3-
7. After construction works it is an example of a good GPS site having now data available 
down to 5 degrees instead of 15 degrees also in south side of the site (seen best in satellite 
track plots in the middle). Only two obstacles, the OL1 and OL2 buildings, can be seen in 
the sky plot rising up to about 10–15 degrees in West direction after cutting down of 
trees. As another detail in the sky plots one can see the effect of solar activity on GPS 
signals. The first plot is from year 2002 close to solar cycle maximum in 2000 and this 
can be seen in signal-to-noise ratio plot in top figures. The overall ratio is clearly worse 
than two years later. Some part of this, especially at low elevations, can of course be 
explained by construction works as well but the overall difference is caused by solar 
activity.  

Another example of construction works can be seen at the site GPS7 where a large 
landfill area has been established to the vicinity of the pillar sometime between 2002 and 
2008. Along with the landfill area the forest at the NW-NE sector was cut down (Figure 
3-5). Also this change is positive and can be seen as an improved data quality in Figures 
3-8 and 3-9 even though not having as large impact as at GPS6 because in the North side 
there are fewer satellites in general. However, some more data is available in the North 
which improves the (uneven) satellite geometry a bit. The effect of solar activity can be 
seen also from these plots.  
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Figure 3-4. Site GPS6 after constructing the parking lot. 

Figure 3-5. Site GPS7 before (left) and after (right) 
establishment of landfill area. Pictures are taken to 
the same direction, EDM baseline can be seen to 
the right of the pillar.  
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Figure 3-6. Sky plot of GPS6 for DOY 283 in 2002.One red satellite track is a satellite 
marked as unhealthy and therefore not to be used (tracked). 

 

Figure 3-7. Sky plot of GPS6 for DOY 286 in 2004.OL1 and OL2 buildings rising up to 
15 degrees in west direction can be seen in plots. 
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Figure 3-8. Sky plot of GPS7 for DOY 282 in 2002. 

 

Figure 3-9. Sky plot of GPS7 for DOY 299 in 2008. 
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The site GPS8 is an example of less-optimum site for GNSS measurements.  From East 
to South-West there is a forest that blocks satellite signals up to 15 degrees and even 
above this which can be seen in Figure 3-10. The vegetation does not only block signals 
but also influences on signal quality. In the figure this is visible as low SNR and high 
multipath at low elevations for the same sector. Additionally, close to the site there is a 
mast of high-voltage power lines that rise up to 60–70 degrees of elevation in direction –
40 degrees (Figure 3-11). The steel mast is blocking data but is also a strong reflector for 
GPS signal that can be seen as higher multipath values in its direction. The mast reaches 
up to 60–70 degrees of elevation but fortunately it is in the direction of the polar cap in 
GPS constellation (the hole north of the zenith) and therefore influences less on data.  

Another example of less-optimum site is GPS5 that is located in the nature reserve area 
and therefore is quite obstructed by trees (Figure 3-12). Trees block data especially from 
west and east sides of the site resulting missing and lower quality data (Figure 3-13). 

 

 

Figure 3-10. Sky plot of GPS8. 
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Figure 3-11. A steel mast of power lines close to 
site GPS8 (left). 

Figure 3-12. An example of less-optimum 
(obstructed) site GPS5 (top). 

 

 

Figure 3-13. Sky plot of GPS5. 
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3.2 Data processing 

Here we give first general principles of the processing work flow and second, describe 
the models and parameters used in the processing.  

3.2.1 Processing work flow 

The GPS data processing has been carried out using Bernese GPS Software Version 5.0 
(Dach et al. 2007). The Bernese Processing Engine (BPE) enables automated processing, 
which can be utilised for permanent data as well as for campaign data. We have compiled 
an additional set of Perl scripts to control the processing and extract quality information. 

The Figure 3-13 illustrates the processing flow. The top part of the figure represents the 
data that is needed to be prepared before the processing:  

 GNSS data is converted to Receiver Independent Exchange (RINEX) format and 
archived to a data server. 

 Precise satellite orbits and earth orientation parameters are downloaded to a local 
data server from the International GNSS Service (IGS). 

 Reference frame is defined by listing the stations to be used as reference stations. 
The coordinates (and velocities) are needed. 

 Other data sets (e.g., antenna calibration corrections) are prepared. 

The Bernese GPS processing strategy and parameters are predefined by a processing 
control file and saved input options. The workflow consists of following main stages: 

 Data import: The input data is gathered from predefined data servers to program 
specific file system and the data is converted to program specific file types 

 Pre-processing: The observation data is prepared for parameter estimation. 
Receiver clocks are synchronised to GPS time, the single-difference observation 
files are created according to baseline definition and the cycle slips are searched 
baseline by baseline. 

 Data screening: An initial baseline solution is computed with L3 linear 
combination. The residuals are checked against the threshold value and outliers 
detected. 

 Parameter estimation: The ambiguities are first resolved baseline by baseline. 
Then the final solution is estimated and finally the results from different output 
files are extracted. 

As a result of GPS processing, we get a set of quality indicators from the processing 
results (See section 3.3.), daily normal equations and coordinates. The normal equations 
are stacked together in order to estimate statistically multi-day solution, like final 
campaign solutions and weekly solutions from permanent data. 
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Figure 3-13.  A flowchart of the automated Bernese GPS processing. 
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3.2.2 Input data sets 

The observation data set consist of 30 and 17 campaign measurement for inner and outer 
networks, respectively. In addition, regional analysis has been carried out, which included 
permanent GPS data of FinnRef stations (OLKI, KIVE, ROMU, METS, VAAS and 
JOEN) in 1996-2011 (Figure 2-2). 

Precise satellite orbits are a prerequisite for all applications of the GPS, where high 
accuracy is required. The highest precision GPS orbits are available through the 
International GNSS Service (IGS) and its Analysis Centers. The accuracy of the precise 
orbits is 1-2 cm. Recently IGS have reprocessed GPS data history and produced a 
consistent set of satellite orbits for the years 1994-2007, where the discontinuities due to 
e.g., reference frame changes have been eliminated. The reprocessed orbits provide also 
better quality especially for the years before 2000 (Steigenberger et al. 2009). Therefore, 
we used IGS reprocessed satellite orbits and earth rotation parameters, which are all 
aligned to IGS05 reference frame. Thus, there is no offset due to reference frame change 
except the most recent one (from IGS05 to IGS08). 

In order to fix the local networks to ITRF2008 reference frame the ITRF2008 coordinates 
and velocities needed to be determined for Olkiluoto permanent station. The data from 
2000-2010 of all 13 FinnRef station (Figure 2-2) and 5-10 nearby nordic and baltic EPN 
(EUREF permanent network) stations was processed using Bernese software. The 
processing parameters and models were set up according to EPN guidelines for local 
analysis centers (EPN, 2012). The ITRF2008 station velocities were estimated using 
CATREF software (Altamimi et al. 2008). The minimum constraint weekly coordinate 
and covariance solutions were stacked and a combined reference frame defined. 
Minimum constraints were used with respect to ITRF2008 coordinates and velocities of 
inclued EPN stations. The concept of minimum constraints approach is based on the 
minimization of the transformation parameters between external frame (like ITRFs) and 
the combined frame. The horizontal and vertical station velocities are shown in Figure 3-
14. The global plate tectonics dominates the horizontal velocities, whereas the postglacial 
land uplift is the main factor for the vertical velocities. 
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Figure 3-14. ITRF velocities for FinnRef network. Horizontal velocities on the left, 
vertical velocities on the right. 

3.2.3 Antenna calibrations 

Antenna phase centre is a point in the antenna where the GPS signal measurements are 
referred to. The phase centre is different to L1 and L2 and depends on the azimuth, 
elevation and intensity of the signal. GPS antennas have a marker that should be assigned 
to the true North when measuring. The assumption is that if the identical antennas are in 
the same position all the errors on the phase centre will cancel out when data are 
differenced. Antenna phase centres are defined with the antenna phase centre offset and 
variation. Offset contains three constant components with respect to some physical part of 
the antenna (called antenna reference point, ARP) identifying the location of the antenna 
phase centre. 

Phase centre offset and variations are obtained with the antenna calibration. With antenna 
calibration the location of L1 and L2 phase centres are solved with respect to the physical 
location of the antenna and also the variation of phase centres L1 and L2 with direction. 
The aims of the calibration are that the solutions of L1, L2 or other linear combination 
should lead to the same solution. 

The antenna calibrations can be grouped into two major classes: absolute antenna 
calibrations that can be done in the laboratory or in the field and relative calibrations with 



21 

 

respect to a reference antenna. In the past relative values were used, but nowadays it is 
recommended to use absolute antenna calibration values. 

The phase centre variation can be written as (Dach et al. 2007). 

∆ , ∆ 	 , ∆ ∙ e, 
 
where  
 
,   is the azimuth and the zenith angle of the satellite line of sight, 

∆ ,  is the total phase centre correction in the direction ,z, 

∆ 	 ,  models the elevation and azimuth dependent phase centre variation, 

∆  is a constant “mean phase offset” vector with respect to the antenna 
reference point, and 

e  is a unit vector to the direction of satellite. 

When antenna calibration has been performed the correction ∆ ,  will be added to 
the geometrical distance. 

All the fieldwork antennas used in inner and outer networks have been individually 
calibrated using calibration robot in Germany by Geo++. The FGI has a GNSS antenna 
offset field at Metsähovi research station, where the calibration values defined by Geo++ 
have been validated (Kallio et al. 2012). The antennas of the FinnRef permanent network 
have not been calibrated and therefore, only type calibration values have been applied to 
those stations. 

3.2.4 Choice of linear combination 

The precise satellite positioning is based on double-difference approach, where first the 
single differences are computed as differences between pair of receivers, second the 
double differences are obtained as differences between two single differences. This 
approach enables us to eliminate or reduce some of the measurement biases. The satellite 
and receiver clock biases are eliminated (assuming that the receiver clock biases are 
known accurately enough to compute the geometric distance), and biases in satellite 
orbits and atmospheric effects on signal propagation are reduced. 

To further eliminate and reduce measurement biases, the linear combinations of carrier 
phase observations (and in some case code pseudoranges) are used. The linear 
combinations can be formed using undifferenced observables or double differences.  

The  linear combination of  and  

1
 

is called ionosphere-free combination. The ionospheric delay is frequency dependent and 
inversely proportional to the square of carrier frequency. Therefore L3 combination 
virtually eliminates the first order terms of ionospheric refraction. However, the noise 
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level is roughly three times larger than for the basic observables, L1 and L2. As the 
ionospheric effect is larger for longer baselines, there is a trade-off between the use of L3 
linear combination and L1/L2 basic carriers. A rough approximation for the critical 
baseline length could be 1-10 km depending on the ionospheric activity and variability.  

Thus, we chose to use L1 observables for inner network with very short baselines (shorter 
than km) and L3 for outer and FinnRef networks with longer baselines.  

3.2.5 Ionospheric modelling 

The use of L1 observables requires ionospheric modelling. The local ionosphere models 
were derived from GPS observations using Bernese IONEST program (Dach et al. 2007). 

GNSS-derived ionosphere models describing the deterministic component of the 
ionosphere are based on the Single-Layer Model (SLM), which assumes that all free 
electrons are concentrated in a shell of infinitesimal thickness (Figure 3-15). The SLM 
mapping function  can be written as  

	  ,  sin sin	 , 

where 

,  are the zenith distances at the height of the station and of the single layer, 
respectively, 

   is the mean radius of the Earth, and 

  is the height of the single layer above the Earth’s surface. 

 

Figure 3-15. Single layer model (adapted from Dach et al. 2007). 
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To map total electron content (TEC), the geometry-free linear combination  

 

is analysed. The particular observation equation for undifferenced phase observations is 

1 1
,  

where 

  are the geometry-free phase observables (in meters), 

   is a constant (4.03 ∙ 10 ms-2 TECU-1) 

,	   are the frequencies associated with the carriers  and , 

  is the mapping function evaluated at the zenith distance , 

,  is the vertical TEC (in TECU)) as a function of geographic or geomagnetic 
latitude  and sun-fixed longitude , and 

 is a constant bias (in meters) due to the initial phase ambiguities 
and  with their corresponding wavelengths  and . 

The local TEC model, which is applicable in the vicinity of one or more dual-frequency 
station(s), is represented by 

,  

where 

,  are the maximum degrees of the two-dimensional Taylor series expansion 
in latitude  and in longitude , 

 are the (unknown) TEC coefficients of the Taylor series, i.e., the local 
ionosphere model parameters to be estimated, and 

 ,  are the coordinates of the origin of the development 

 is the geographic latitude of the intersection point of the line receiver-satellite with the 
ionospheric layer and  is the sun-fixed longitude of the ionospheric pierce point.  is 
related to the local solar time ( ) according to  

 

 is Universial Time and  denotes the geographical longitude of the sub-ionospheric 
point. 

The observations at Olkiluoto permanent station were used for ionosphere modelling. The 
default value (450 km) for the height of the single layer was used. Because the 
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ionosphere can change rapidly, the ionosphere models for one campaign have to be 
estimated by splitting the data into sub-sessions. We created the sub-models for every 
campaign at four hour time interval, because the ionosphere parameters for longer 
intervals could not be resolved for all the campaigns due to high ionospheric effects. The 
mean, min and max values for each campaign of zero degree TEC parameters are shown 
in (Figure 3-16) in order to illustrate the variability of the ionosphere. The solar cycle 
peak at 2002 and the current ascending trend are obvious. 

 

Figure 3-16.  Zero degree TEC parameters of local ionosphere models. 

3.2.6 Tropospheric modelling 

The GPS observations are biased by tropospheric refraction, which is the path delay 
caused by the neutral (non-ionized) part of the Earth’s atmosphere. Tropospheric 
refraction may be divided into dry and wet parts. About 90 % of tropospheric delay is 
caused by the dry part of the troposphere that is rather stable and easier to handle with 
models. Remaining 10 %, namely the wet part of the tropospheric delay, shows much 
larger variability. In Bernese processing it is common to use different mapping functions 
for dry and wet parts of the troposphere. Dry part of the troposphere delay is accounted 
for by computing the values from a priori troposphere model.  

Approximately the slant delay ∆  between station  and satellite  may be written as a 
product of zenith path delay ∆ ,  and mapping function : 

∆ ≅ ∆ , ,  

where 

∆ ,  is the slant delay according to an a priori model and 

  is the zenith of satellite  as observed from station . 

In order to take into account the wet part of the tropospheric delay, so called site-specific 
troposphere parameters can be set up and estimated from observations during processing. 
These parameters are station and time-dependent corrections to the a priori model. The 
total slant delay at an epoch  and zenith distance  may be written in the form 
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∆ , ∆ , ∆ ,  

where ∆  is a time-dependent zenith path delay parameter and  its mapping 
function. 

The use of low elevation data is essential to improve the accuracy of GPS analyses and to 
decorrelate station heights and tropospheric zenith corrections. However, going down to 
low elevations the azimuthal asymmetry of the local troposphere at an observation site 
gets more and more important and must be accounted for by estimating horizontal 
tropospheric gradients.  

One way to represent azimuthal asymmetries is a tilting of the zenith, where the mapping 
function is referred to. The troposphere gradient parameters then comply with the fact 
that the direction to the so-called tropospheric zenith (i.e., the direction with minimal 
tropospheric delay) and the corresponding tropospheric zenith distance ̃ might not be 
identical to the geometrical zenith distance . Having introduced the tropospheric zenith 
angle as a parameter of the mapping functions, the tropospheric delay would be given by 

 ∆ , ∆ , ̃ ∆ ̃ . 

As we do not have any a priori information on the tropospheric zenith, the geometrical 
zenith is used in the a priori part in the equation: 

∆ , ∆ , ∆ ̃ . 

Assuming a small angle  between the tropospheric and geometrical zenith, the two 
zenith angles are related to each other by the equation 

̃ cos sin , 

where  is the azimuth of the direction station-satellite and ,  are two station 
dependent parameters. Using this equation and approximating linearly, the time 
dependent part of the tropospheric delay may be written as  

∆ , , ̃ ∆ cos sin ∆

∆ cos ∆ sin . 

Introducing the notation 

∆ ∆   for zenith delay parameter, 

∆ ∆   for gradient parameter in north-south direction, and 

∆ ∆   for gradient parameter in east-west direction,  
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we obtain the Bernese tropospheric model: 

∆ , , ∆ ,

	 	

∆
	

	∆ cos ∆ sin

	

 

where 

∆    is the tropospheric path delay bertween station  and satellite , 

   is the observation time, 

,    are the zenith and azimuth of satellite  as observed from station , 

∆ ,   is the slant delay according to an a priori model, 

∆ ,  is a (time-dependent) zenith path delay parameter and its mapping 
function, and 

∆ , ∆  are the (time-dependent) horizontal north and east troposphere 
gradient parameters. 

We used Saastamoinen a priori model mapped with Dry Niell mapping function. The 
site-specific zenith path delay parameters were estimated using Wet Niell mapping 
function at 1-hour intervals for individual sites. For inner and outer networks the 
troposphere parameters are highly correlated between stations due to the small size of the 
networks, and therefore the troposphere parameters had to be estimated relatively with 
respect to the a priori model parameters of a selected station (GPS1). The troposphere 
gradient parameters were estimated at 24-hour intervals. 

3.2.7 Ambiguity resolution 

The ambiguities are resolved as a first step of parameters estimation. There are four 
different ambiguity resolution algorithms available in Bernese program. Which one to use 
depends mainly on the occupation time and the baseline length. All of the algorithms 
consist of two steps: first the ambiguities are estimated as real values together with other 
parameters; second the integer values are resolved using the real-valued ambiguities.  

SIGMA algorithm 

The ambiguities of inner and outer network were resolved independently on L1 and L2 
carriers using the SIGMA-dependent algorithm, which is an efficient algorithm for short 
baselines and long sessions. 

Let ,  be two double-difference ambiguity parameters. For each parameter  we 
compute the a posteriori rms error in the initial least-squares adjustment. 

, 
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where  is the corresponding element of the cofactor matrix. For the difference  
the a posteriori rms error is  

2 . 

The rms errors  and  are first sorted in ascending order of their rms errors. Within 
one iteration step the  best determined ambiguities are then resolved (rounded to 
nearest integers), provided 

 that the corresponding a postepriori rms error ,  is compatible with   
(  or ), and 

 that within the confidence interval 	  or 	  there is exactly 
one integer number. 

 (maximal number of ambiguities fixed per iteration step),  (maximal sigma of 
resolvable ambiguities) and  (confidence level) are the input parameters of the 
algorithm. 

The ambiguities of FinnRef stations were resolved using the QIF (Quasi Ionosphere-Free) 
algorithm, which processes both carriers together and resolves both (L1, L2) ambiguities 
in the same run. The algorithm works for baselines up to 2000 km in length. 

QIF-algorithm 

The QIF algorithm is based on ionosphere-free linear combination. The simplified form 
(troposphere bias neglected) of the double difference observation equation for 
ionosphere-free linear combination read as 

, 

where 

 is a geometrical distance between satellite and receiver, 

 is an ionosphere-free bias, 

,  are carrier frequencies, 

,  are unknown integer number of cycles. 

The initial least-squares adjustment using both L1 and L2 frequencies gives real valued 
ambiguity estimates  and  and we may compute the corresponding ionosphere-free 
bias  as 

. 

This bias may be expressed in narrow-lane cycles (one cycle corresponding to a 
wavelength of  11 cm: 

. 
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Denoting the correct (resolved) integer ambiguity values by  and  and introducing 
the associated  bias 

 

we may use the difference between the real-valued and integer  bias 

 

as a criterion for the selection of the best pair of integers  , . However, many pairs 
,  give differences  of the same (small) order of magnitude. These pairs lie on a 

narrow band in the ,  space. The equation for the center line of this band is  

 

The band-width is essentially given by the rms of the bias . A unique solution only 
results if it is possible to limit the search range. The principle of the QIF algorithm is 
illustrated in Figure 3-17. The red circle corresponds the real valued ambiguity estimate 

, . The integer value ( ,  can be found at the intersection of the solid lines, 
which correspond the ionosphere-free solution and the wide-lane L5 ambiguity. The 
rectangle and blue dashed lines represent the limited search range. 

For baselines longer than about 10 km processing of the two frequencies L1 and L2 
separately does not give sufficiently good initial real valued estimates due to the 
influence of the ionospheric refraction. Therefore stochastic ionosphere parameters have 
to be estimated. One ionospheric correction  for satellite , receiver  and epoch  
is estimated. The ionosphere parameters have to be constrained to within a few 
decimetres in order to resolve integer ambiguities. This constraining may be achieved by 
introducing an artificial observation 

, 0 

for each epoch with a non-zero a priori weight. The apriori values ,  may stem 

from an ionosphere model, but in many cases (baselines up to 500 km) even ,

0 may be sufficient. 
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Figure 3-17. The search range of QIF ambiguity resolution algorithm (adapted from 
Dach et al. 2007). 

3.2.8 Datum definition 

Using coordinates of one or several reference sites given in a well-defined reference 
frame, the estimated points can be aligned to that frame. The way this alignment is 
performed is called datum definition. Datum is typically defined by fixing or constraining 
a set of coordinates in local and regional networks. If only a single reference site is used 
and fixed, the full geometry of the network preserves, which is appropriate for 
deformation studies. 

The datum for the local networks was defined by tightly constraining Olkiluoto 
permanent station (OLKI) to its ITRF2008 coordinates in the epoch of the measurement 
campaign. For the FinnRef network, the network was tigthly constrained to Metsähovi 
station (METS). 

3.2.9 Summary of the parameters and models 

The main parameters and models used for inner, outer and FinnRef networks in GPS 
processing are summarised in Table 3-1. 
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Table 3-1. The main parameters and models used in GPS processing used for inner, 
outer and FinnRef networks.  

Software  
Name Bernese GPS Software Version 5.0 

Adjustment method Least-Squares Estimation  (LSE) 

Input data  
GPS observations Field measurement / permanent station data in RINEX format 

Orbits IGS reprocessed products for 1996-2007 (IGS05) 

 IGS final products 2008-2010 (IGS05) 

 IGS final products 2011- (IGS08) 

Datum ITRF2008 coordinates and velocities 

Antenna calibration Inner & Outer: absolute individual corrections 
 FinnRef: absolute type corrections 

Parameters and models  

Observables Carrier phase double differences 
Elevation cut off angle 10 degree 

Sampling interval for data preprocessing 30 sec 
Inner:  L1 frequency 
Outer & FinnRef: L3 linear combination 

Receiver clock biases Estimated using code observations of individual receivers,  
eliminated in double differences 

Satellite clock biases Eliminated in double differences 

Data rejection criteria Low RINEX data quality, e.g. too few observations 
 Double difference phase residual screening,  

threshold 4 mm  for a normalized zenith residual 
 Baseline data exceeding the over-all sigma of 6 mm excluded as whole 

Ambiguities Inner:  SIGMA algorithm 
 Outer & FinnRef: QIF algorithm 

Ionosphere Inner:  Local ionosphere model created by IONEST tool 
in Bernese 

 Outer & FinnRef: L3 ionosphere-free linear combination 

Troposhpere Saastamoinen apriori model mapped with Dry Niell mapping function 

 Zenith path delay parameters estimated using Wet Niell mapping 
function at 1-hour intervals for individual sites 

 Troposhere gradient parametrs estimated using Tilting model at 24-hour 
interval 

Tidal displacement Solid Earth tides implemented in Bernese 5.0 according to IERS 
conventions 2003 

Ocean loading modelling Inner & Outer:  No modelling 
 FinnRef FES2004 model 

Atmospheric loading Not modelled 

Datum definition Network tightly (sigma 0.1 mm) constrained to observation epoch 
ITRF2008 of reference site. 
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3.3 Results of data processing 

The code observations are only used for receiver clock bias estimation, but single point 
positioning solutions are computed aside. The RMS time series of single point 
positioning solutions are shown in Figure 3-18. The intentional degradation of civil 
signals (Selective Availability) is clearly seen as high RMS values before 2000. 

Epoch difference solution is computed during cycle slip detection using triple differences. 
Typically the RMS values are less than ten centimetres like in FinnRef network, but 
much larger RMS values were found for local network for the period 2004-2009 (Figure 
3-19). High values originate from the different program used for converting binary 
observations files into RINEX format. However, this does not affect further data 
processing or coordinate results. The number of cycle slips detected, for example, was on 
the same level all years (Figure 3-20). 

High ambiguity resolution percentages were achieved for both FinnRef and local 
networks (Figure 3-21). The final multibase (network solution) RMS was on average 1.9 
mm for inner network (L1 solution) and 1.0 mm for outer network (L3 solution). The 
multibase RMS for basic carriers are typically larger than for L3 linear combination.   

 

Figure 3-18.  Code single point positioning RMS for FinnRef network and Olkiluoto 
local networks by station. 
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Figure 3-19.  Epoch difference solution RMS time series for FinnRef and Olkiluoto 
networks by baseline (weekly/campaign averages). High values originate from the 
different program used for converting binary observations files into RINEX format. 

 

Figure 3-20. Number of ambiguities by baseline (weekly/campaign averages). The 
numbers of ambiguities are higher for FinnRef baselines as the permanent stations 
collect more observation data. For the same reason outer network baselines (dashed 
lines on the right), usually observed two full days, scores higher than inner network. The 
peak on a local network plot at 2002 corresponds the solar cycle peak.  
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Figure 3-21.  Ambiguity resolution percentages for FinnRef and Olkiluoto networks by 
baseline (weekly/campaign averages). The peak on a local network plot at 2002 
corresponds the solar cycle peak. 
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4 GPS DEFORMATION ANALYSIS 

4.1 Regional analysis 

The time series of Olkiluoto permanent station enables us to monitor motions of the site 
in global reference frame. The movements of Olkiluoto station were analysed with 
respect to Metsähovi, Vaasa and Joensuu, which are all Class A stations of the European 
Permanent GNSS Network (EPN) and are founded on solid bedrock. The time series was 
processed using the parameters and models described in section 3.2, case FinnRef.  

Time series of baselines from Metsähovi, Vaasa and Joensuu to Olkiluoto are shown in 
Figures from 4-1 to 4-3. At Metsähovi station, the old antenna broke down and was 
replaced in 2010, which causes a discontinuity to the time series. The red lines show the 
results after the antenna change at Metsähovi that were neglected because of large 
deviation in the solutions caused by problems at Metsähovi station. The trends were 
resolved from the coordinate time series by a least squares fit. Solutions with large 
residuals (residual > 3 sigma) were rejected during an iterative outlier detection process 
and marked with green plus signs. They are mainly caused by biased troposphere 
estimates when a layer of snow has covered the antennas in the wintertime. The obvious 
jump in the METS-OLKI height component is primarily related to different antenna 
reference points between the new and the old antennas in Metsähovi. Jumps in other 
components and also part of the up component are most likely related to antenna 
calibration. The old antenna was uncalibrated and a type calibration values had to be used 
in processing while the new antenna has an individual calibration values. Since the old 
antenna broke down it was not possible to calibrate it afterwards to verify if inaccuracies 
in the type values caused the small offsets. Also near-field effect may cause small 
differences when antennas are changed to the different types due to e.g. different 
multipath reduction techniques (choke rings, software, etc.). Near field effects are also 
problematic even if an antenna is calibrated because antenna calibration relates to the 
environment where calibration is done and site specific effects are therefore neglected. 

The velocity components for Olkiluoto, Kivetty and Romuvaara with respect to 
Metsähovi are summarized in the Table 4-1. Velocities are estimated only until the 
antenna change in Metsähovi. The accuracy of the height component is inherently weaker 
than horizontal ones for GNSS measurements. This can be explained by satellite 
geometry and modelling of atmosphere. Only one hemisphere is represented by satellites 
and also lack of satellites at high elevation angles degrades the observation geometry and 
thus, the solution accuracy in height component. Additionally, any biases in atmospheric 
estimates or modelling affects mainly the height component. The results and time series 
show high global stability of Olkiluoto site. 

Table 4-1. Summary of the motions of Olkiluoto with respect to Metsähovi, Vaasa and 
Joensuu stations. 

Respect to North (mm/a) East (mm/a) Height (mm/a) Baseline length (km) 

Metsähovi -0.13 ± 0.01 -0.54 ± 0.01 +2.74 ± 0.03 195.9 

Vaasa -0.44 ± 0.01 +0.64 ± 0.01 -1.11 ± 0.03 192.5 

Joensuu -1.32 ± 0.01 -0.50 ± 0.01 +4.66 ± 0.03 471.9 
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Figure 4-1. Time series of Metsähovi-Olkiluoto baseline compontents: series of North, 
East and Up components and baseline lengths. Red line indicates the time series after the 
antenna change in Metsähovi and is not used in trend estimation. Solutions with large 
residuals (residual > 3 sigma) were rejected during the iterative outlier detection process 
and marked with green plus signs. 
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Figure 4-2. Time series of Vaasa-Olkiluoto baseline components: series of North, East 
and Up components and baseline lengths. Red line indicates the time series after the 
antenna change in Metsähovi and is also used in trend estimation. Solutions with large 
residuals (residual > 3 sigma) were rejected during the iterative outlier detection process 
and marked with green plus signs. 
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Figure 4-3. Time series of Joensuu-Olkiluoto baseline components: series of North, East 
and Up components and baseline lengths. Red line indicates the time series after the 
antenna change in Metsähovi and is also used in trend estimation. Solutions with large 
residuals (residual > 3 sigma) were rejected during the iterative outlier detection process 
and marked with green plus signs. 
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4.2 Local analysis 

4.2.1 Baseline lengths and 1D strain rates 

The coordinate results were analysed baseline by baseline. The baseline lengths of all 
pillar pairs were computed, linear trends fitted and one dimensional strain rates calculated 
by dividing the change rate by the baseline length. The velocities and strain rates are 
given in Appendix 1. 

The baseline length time series show a good agreement of the observations carried out 
over 15 years (Figure 4-4). The RMS of residuals varied from 0.2 mm to 1.0 mm for the 
baseline lengths. Most of the inner network baselines show very small motions: 75 % of 
change rates and strains are smaller than 0.10 mm/y and 0.10 ppm/a, respectively. 
Roughly one third of the change rates can be considered as statistically significant 
(3criterion). The maximum change rate and strain (-0.19 mm ± 0.04 mm/y, -0.29 
ppm/a) is related to the site GPS13 (Figures 4-5 and 4-7) and especially to the baseline 
GPS9 - GPS13. The shorter time series of GPS13 means that the uncertainties of the 
estimates are also larger. On the other hand, the more observations we have done the 
smaller change rates we have estimated during the 15 years. However, the residuals of 
time series are very small (average RMS 0.35 mm), meaning that the velocity estimates 
are representative.  

The change rates of the outer network indicate a small motion of the GPS1 station with 
respect to stations in mainland. The maximum and statistically significant change rate is 
between GPS1–GPS11 (-0.42  0.06 mm/a) (Figure 4-6). The maximum strains (0.05 
ppm/a) are also on baselines from GPS1, whereas the other strains are close to zero ( 
0.02 ppm/a) (Figure 4-8). 

 

 

Figure 4-4. Examples of baseline length time series of the inner network. 
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Figure 4-5. Largest change rates and strains are related to the pillar GPS13. 

 

Figure 4-6. Examples of baseline length time series of the outer network. 
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Figure 4-7. 1D-strains for inner network baselines. 

 

Figure 4-8. 1D-strains for outer network baselines. 

4.2.2 Station velocities and 2D deformation tensors 

As the observation time span is over a decade, we cannot expect a fixed reference frame 
over the time period. Therefore, the campaign solutions were combined and stations 
velocities estimated using CATREF software (Altamimi et al., 2010), which takes into 
account reference frame changes between epochs. The CATREF software is developed 
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for combination and analysis of terrestrial reference frames (TRF), especially for ITRFs, 
and it is well adapted for time series combination (rigorously stacking). 

The combination is mathematically based on 7-parameter similarity transformation 
between two TRFs (epochs): 

. .   

where  

,     are the two coordinate sets,  

 is a translation vector, 

    is a scale factor and 

∙ ∙   is a rotation matrix. 

For space geodesy we use linearized formula  

I ∙   

where  
 

1 , 
 

0
0

0
  and 

 
 are the rotation angles, because  is smaller than 100 m and  and  less than 10-5. 

The second order terms are neglected because they are less then 10-10  0.6 mm.  
 
The combination consist of estimating positions  at any given epoch  and velocities 

 expressed in a combined TRF c as well as of estimating transformation parameters  
at an epoch and their rates  from the combined TRF c to each individual frame k. We 
obtain the basic equations of combination by differentiating the linearised formula 
(above) with respect to time. For a solution s	the basic equation is 
 

. 
 

In order to combine Olkiluoto time series, we used station coordinates of each campaign 
with their full covariance matrices in SINEX format as input. We applied internal 
constraints to translation, rotation or scale parameters. The variance-covariance matrices 
were scaled by the estimated variance factors. A discontinuity was set up for the pillar 
GPS6 at epoch 2003.0 as detected in residual time series. The most likely cause for the 
discontinuity is the construction works that has changed the site surroundings remarkably 
(discussed in section 3.1). 
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The station velocities are shown in Tables 4-2 and 4-3 for inner and outer networks, 
respectively. The global plate tectonics dominates the horizontal velocities, whereas the 
postglacial land uplift is the main factor for the vertical velocities. 

 
Table 4-2. Station velocities and uncertainties of the inner network in cm/y.  

vnorth veast vup north east up 

OLKI 1.326 1.875 0.687 0.002 0.002 0.002

GPS2 1.319 1.860 0.677 0.003 0.002 0.006

GPS3 1.317 1.865 0.709 0.003 0.003 0.006

GPS4 1.322 1.866 0.726 0.003 0.003 0.006

GPS5 1.320 1.869 0.713 0.003 0.002 0.005

GPS6 1.320 1.869 0.722 0.003 0.003 0.007

GPS7 1.325 1.865 0.724 0.003 0.002 0.005

GPS8 1.320 1.864 0.726 0.003 0.002 0.005

GPS9 1.322 1.862 0.716 0.003 0.002 0.005

GPS13 1.344 1.857 0.759 0.004 0.003 0.010

 

Table 4-3. Station velocities and uncertainties of the outer network in cm/y. 

vnorth veast vup north east up 

OLKI 1.326 1.874 0.687 0.002 0.002 0.002

GPS11 1.319 1.831 0.729 0.004 0.003 0.011

GPS12 1.318 1.847 0.745 0.005 0.004 0.013

GPS14 1.325 1.832 0.728 0.006 0.004 0.018

GPS15 1.333 1.830 0.736 0.006 0.004 0.017

 

The horizontal strain and rotation tensors were estimated to analyse local deformations. 
In this method, the network was triangulated and homogenous and continuous strain 
assumed within triangles. We used Delaunay-algorithm for the triangulation. The 
velocities and their covariances were converted to local geodetic coordinates in the centre 
of the triangle. The velocity gradients (unknowns) in each triangle were solved using 
least-squares method. The observables were the velocities at vertices of a triangle with 
respect to the mean velocity of the triangle. The weight matrix of the observations was 
the inverse of the covariance matrix of the velocities at vertices. The observation equation 
for velocity gradients in the triangle barycentre was 

∆ ∆ ∆ ∆ ∆  

and the velocity gradient tensor 
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	. 

The strain and rotation rates were solved from velocity gradient tensor. According to 
tensor theory any second-rank tensor can be decomposed into a symmetric (strain) and an 
asymmetric (rotation) tensor. On can therefore write 

∙ ∙ , where 

  is the strain rate tensor, and 

0
0

 is the rigid rotation. 

Computed strain rates for Olkiluoto networks are presented in Table 4-4. The principle 
strains (eigenvectors and eigenvalues of matrix E) give the directions and the magnitudes 
of the most extensional and the most compressional strains. Negative values of principle 
strains are compression and positive extension. The deformation patterns are visualised in 
Figures 4-9 and 4-10. The grey arrows in the inner network (Figure 4-9) cannot be 
considered realistic due to the thin shape of triangle, where the geometry of triangle 
dominates the estimated values. In the case of outer network, the thin triangle (GPS1, 
GPS12 and GPS15) is excluded from the stain analysis due to its poor geometry.   

The two-dimensional strain tensors show similar results to one-dimensional strains 
(compare to Figures 4-7). The largest strain of inner network, which was observed 
between GPS9 and GPS13 (section 4.2.1), dominates the strain of the related triangle 
(GPS9, GPS13 and GPS7). The shortening trend of the baseline (GPS9 – GPS13) could 
be verified by computing single baseline solutions for the distance, although it does not 
remove the uncertainty caused by short time series.  

The deformation pattern of the outer network (Figure 4-10) shows similar compressional 
strains around the GPS1 as the in the Figure 4-8. The results raises a question of whether 
the whole Olkiluoto Island is moving with respect to mainland or is it only the GPS1, 
which is moving. The stations velocities can be verified by carrying out more 
measurements, but the new permanent stations on the both sides of the Olkiluoto strait 
will also provide valuable data for the analysis.   
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Table 4-4. Estimated strain and rotation tensors.  

Triangle Strain rates  
[ppb/a] 

Std of strain  
[ppb/a] 

Rot rate and 
std [deg/Ma] 

Priciple strains 
[ppb/a] 

Azimuth 
e1 

GPS points exx exy eyy σexx σexy σeyy   e1 e2 deg 

Inner network 

1 2 3 -140 -48 -48 10 8 9 -1.7 0.7 -160 -27 246.8

1 2 5 -93 24 60 12 10 10 -2.4 0.4 -97 64 278.7

1 3 4 20 -88 -67 23 12 29 2.3 1.0 -122 75 31.7

1 4 6 71 -26 -38 28 10 23 5.0 1.2 -44 77 282.6

1 5 6 31 41 49 11 17 14 -0.1 0.5 -2 82 38.8

3 4 8 3 -40 -193 9 41 84 1.6 2.5 -201 11 11.0

4 6 7 21 -44 67 24 20 32 0.7 1.1 -6 93 328.9

4 7 8 12 -6 -91 12 21 25 0.7 0.8 -91 12 3.1

5 6 13 103 -37 -267 20 22 55 -9.8 1.6 -271 107 5.7

6 7 13 100 -116 7 21 16 46 -5.0 1.0 -72 179 304.1

7 8 9 31 9 -96 19 13 22 1.7 1.2 -97 31 356.1

9 7 13 35 48 -343 18 18 25 -1.3 1.3 -349 41 352.9

Outer network 

1 11 12 -39 -48 -23 3 4 8 2.8 0.3 -80 18 229.7

1 11 14 -56 7 -8 5 6 8 -0.5 0.2 -57 -7 277.8

1 14 15 -14 34 -17 9 7 9 -2.4 0.5 -50 19 316.2

 

 

Figure 4-9. Strain rates of the inner network. The grey strain tensors are probably 
unrealistic due to the thin shape of triangle.  
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Figure 4-10. Strain rates of the outer network. The triangle OLKI-12-15 was excluded 
from the strain analysis due to the thin shape of the triangle. 

4.2.3 Comparison of GPS and levelling results 

Because the stations have been observed several times with both GPS measurements and 
levelling, we can compare vertical velocities obtained from the two techniques. The 
levelling results are given in previous national N60 height system and GPS results in 
global ITRF2008 reference frame at observation epochs. The preparation of the data sets 
for comparison is described next. 

Levelled heights 

We chose to use the time series of the control markers (instead of GPS antenna platforms 
on the pillars) for the comparison, because they have been measured more easily and 
therefore more accurately. On the other hand, since we are comparing the velocities 
instead of absolute heights, we can assume that the velocities of control markers represent 
the velocities of the GPS sites/pillars. Only one control marker at each station was chosen 
to analysis in order to exclude damaged markers and use the same number of markers at 
each site. The time series include the results of the five levelling campaigns performed 
every two years starting in 2003 except for the station GPS13 that was established later in 
2003. The time series of the heights of the control markers show ascending trends (Figure 
4-11), which correspond the vertical velocities with respect to a reference point in 
levelling network (point 3216). This means that the GPS stations rise quicker than the 
reference point. 
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Figure 4-11. The variation of the adjusted heights centred to the average of each point in 
mm. The fixed point in adjustments was the levelling point 3216. 

In our velocity estimation we had n-1 height difference observations from each campaign, 
where n is the number of the GPS station points in the campaign. The functional model 
used in our analysis was:   

∆ ∙ ∆ ∙ ∆  

In order to take into account the correlations of the adjusted campaign heights we derived 
the weight matrix P using the covariance matrix of adjusted heights of the last levelling 
campaign. The network geometry has been almost identical in campaigns and we can 
assume that correlations between heights in the campaigns are same.  

∙ ∙  

where D is the differencing matrix and C is the covariance matrix of adjusted heights. 
The velocities of each point were solved with a free network adjustment using the Moore 
Penrose pseudo inverse of the normal equation and the velocities and the covariance 
matrix were converted to the velocity difference from station GPS6. The GPS6 was 
chosen to reference point, because it seems to have maximum uprising velocity among 
the GPS stations in levelling results. When aligning the velocities from GPS and levelling 
at the point GPS6, we can see the similarities and differences most clearly. 
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The vertical velocities from GPS measurements 

We extracted the velocities and the covariance matrix of the velocities of the GPS points 
from the SINEX file produced by CATREF (section 4.2.2). Then we converted the 
velocities and the covariance of the velocities to the velocity differences from the station 
GPS6 and presented them in the North, East, Up -system. Even if the velocities derived 
from GPS and levelling are in different system they can be compared.    

The results of the comparison 

In Figure 4-12 we present the vertical velocities of stations with respect to the velocity of 
the station GPS6. The error bars are three times the standard deviations of the vertical 
velocity components. The points in the figure have been ordered in respect to the post 
glacial uplift interpolated from the model NKG2005LU(APP) (Ågren and Svensson, 
2007). The model is sparse and the linearly interpolated values in the Olkiluoto area vary 
only a few hundredths of a millimetre. Thus, our results show much smaller details of the 
local land uplift. The velocity estimates from GPS and levelling diverge at points GPS13 
and GPS2, but a similar pattern showing a ridge between the sites GPS6 and GPS4 is 
visible in both cases (Figures 4-12, 4-13 and 4-14). 

The small vertical velocities from GPS time series are extremely difficult and also 
questionable to interpret. Also with very long time series the changes in environment can 
interfere the signal. We can reach comparable results to levelling with 15 years of 
campaign-based GPS time series at good stations without trees or other obstacles in 
surrounding of the point, but the levelling still outdo the GPS measurements with shorter 
time series in reliability and accuracy. The combined results of horizontal and vertical 
velocities are presented in Figure 4-15. The horizontal velocities are based on the GPS 
measurements and the vertical velocities on the levelling results. 

 
Figure 4-12. The vertical velocities relative to the velocity at station GPS6 from GPS 
coordinate time series (red) and from levelling time series(blue) as a reference with error 
bars of three times standard deviations. 
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Figure 4-13. Vertical velocities from levelling relative to the mean velocity. 

 

Figure 4-14. Vertical velocities from GPS measurements relative to the mean velocity. 

 

Figure 4-15. Combined analysis of horizontal deformation tensors (GPS) and vertical 
deformation from levelling campaigns.  



50 

 

4.2.4 Comparison of GPS vertical velocities with land uplift velocities 

We compared the vertical velocities from GPS measurements to the ones extracted from 
Nordic land uplift model NKG2005LU(ABS) (Table 4-5). The model is converted from 
the uplift model NKG2005LU(APP) by correcting the mean sea level rise with a constant 
1.32 mm and the geoid rise by factor 1.06 (geoid rise is approximately 6% of land uplift). 
The NKG2005LU(APP) model is a mixed model comprised of levelling, tide gauge and 
GPS data (Vestøl, 2006) that is extended with Lambeck’s geophysical model  (Ågren and 
Svensson, 2007). The grid resolution of the model is 10´ for longitude and 5´ for latitude. 
The figure 4-16 shows that the grid is quite sparse for our case study. 

We calculated the new uplift values for levelled GPS stations using the velocity 
differences derived from levelling results. The uplift at GPS1 has taken from GPS results.  

 

Figure 4-16. The location of Olkiluoto GPS stations (red circles) with respect of the grid 
points (+) of velocity model NKG2005LU(ABS). 

  



51 

 

Table 4-5.  Estimated vertical velocities and land uplift from NKG2005LU(ABS) (column 
NKG) in mm/a. 

 GPS NKG Levelling

GPS1 6.87 7.18 6.87
GPS2 6.77 7.16 6.82
GPS3 7.09 7.18 6.92
GPS4 7.26 7.19 6.96
GPS5 7.13 7.16 
GPS6 7.22 7.18 6.96
GPS7 7.24 7.19 6.86
GPS8 7.26 7.20 6.84
GPS9 7.16 7.20 6.89
GPS13 7.59 7.19 6.81
GPS11 7.29 7.12 
GPS12 7.45 7.25 
GPS14 7.28 7.06 
GPS15 7.36 7.09 
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5 CONTROL MARKER MEASUREMENTS 

5.1 Control networks and observations 

Each GPS station has two control markers for controlling the possible movement of the 
pillars. The control markers are stainless steel survey markers with a hole for centring an 
instrument and they are founded in solid bedrock near the stations. The control markers 
and a reference point on a GPS pillar (the centre of the hole on top of the steel antenna 
platform) form a micro control network for a station.  The distances between pillars and 
control markers vary from 4.5 m to 12.5 m. 

We have measured horizontal and vertical angles and distances between control markers 
and the pillar points since 2000. In the first measurements the used prisms and 
instruments were incompatible affecting a bias to the distances and these measurements 
are therefore excluded from the time series. The measurements were redone in 2001. 
After this control marker measurements have been repeated every three years.  

The time series of angles and distances include now the years 2001, 2004, 2007 and 2010 
for the inner network except GPS4 and GPS13. One control marker at the pillar GPS4 has 
been fenced due to construction works and setting up the instrument at the point was 
impossible in the control marker measurements in 2007. Consequently, the measurements 
were not carried out at GPS4 in 2007. The control marker has also been damaged slightly 
in connection to construction works. In 2010 the measurements were carried out using 
indirect measurement strategy. The GPS13 pillar was established in 2002 and the control 
marker measurements carried out thereafter. The time series includes years 2003, 2007 
and 2010. 

The control marker measurements have been carried out only at two outer network 
pillars. The GPS11 have been measured in 2003, 2007 and 2010, and GPS15 in 2007 and 
2010. The measurements have not been made at GPS14, because it is located under a 
high voltage electric line, which damaged our instruments in 2000. No control marker 
measurements have been made either for the pillar GPS12 at Iso Pyrekari due to its 
challenging location.  

The new stations constructed in 2011 have three control markers. We measured the first 
control marker measurements at new stations in 2011 and 2012 and the results of these 
measurements are not included here. 

The angle and distance (tachymeter) measurements have been performed as direct 
measurements meaning that the prisms and instruments were centred above the marker 
except the last measurements at GPS4 in 2010. With tachymeter measurements we 
control mainly the horizontal movement of the pillar with respect to the control markers. 
The height differences between the markers and antenna platform on top of the pillar 
have been determined with precise levelling.  
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5.2 Instruments 

In 2001-2007 distances were measured with the Distomat Wild DI 2002, with GPR1 
prisms in tilting prism holder and angles with theodolite Theomat Wild T2002 (Figure 5-
1). In 2010 we used the co-axial tachymeter TC2003 with five Leica GPR1 prisms in 
GPH1P prism holder. 

 

Figure 5-1. Instruments used in control marker measurements. 

We have always measured angles in direct and reversed position of tachymeter or 
theodolite in order to eliminate horizontal and vertical collimation error, index error of 
the vertical circle, horizontal axis error, index errors of the compensators and possible 
axis offset errors. The levelling error of the tachymeter cannot be eliminated with two 
faces observations. Careful compensator aided levelling of the instrument is necessary to 
get vertical axis plumb. The TC2003 also calculates corrections to the angle observations 
based on the tilting values from dual axis compensator.  In order to better control the 
centring of the instruments and prisms we used (in 2010) Wild NL (type 344299) 
automatic nadir plummet as a centring device. The temperature and air pressure have 
been measured during the distance measurements with Thies Clima psychrometers and 
Thommen Höhenmesser aneroid. 

During one control marker measurement the instruments and prisms were set up twice 
with new centring and levelling. The target for angles was different in the first three 
campaigns than in 2010. The angles have been measured to the target below the prism 
and the distance to the prism, while in 2010 the centre of the prism has been the target of 
angle and distance measurements. In addition, if there was a line of sight we pointed also 
directly to the hole in the steel markers. 

5.3 Calculation 

The end products of the control point measurements are the adjusted horizontal angles 
and horizontal distances. As by-products we get also height differences between the 
points. Analysing the changes in angles and distances or coordinates in local system we 
may see the possible movements of the pillars.  

Before the three dimensional network adjustment, the first velocity correction, the 
additive constant and scale correction from calibration in Nummela baseline have been 
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applied to the distances. No corrections to the angle readings were applied except the 
correction of the compensator.  The refraction correction of vertical angles for short 
distances is about 0.01–0.02 mgon depending on the used refraction coefficient and 
distance, and is therefore insignificant and not applied.  

5.4 Uncertainty analysis 

We estimated the uncertainties of the adjusted angles and distances in two ways. In the 
first approach we derived the combined standard uncertainties of type B (k=1) for 
distance and angle observations and use them for constructing the covariance matrix of 
observations in the three dimensional network adjustments, where the weight matrix is 
the inverse of the covariance matrix. The uncertainty of the observations propagated 
through the network geometry to the coordinates. In the adjustment the weight matrix 
was the inverse of the covariance matrix of observations. As a result of the adjustment we 
got the covariance matrix of coordinates from which we derived, using the variance 
propagation law, the variances of adjusted horizontal angles and distances. In the second 
approach we used the time series of horizontal angles and distances and calculated the 
pooled variance of all angles and distances. 

Uncertainty of angle observations consists of scattering of the circle reading and 
uncertainties depending on target type, observer’s eyes and personal way of aiming to 
target, telescope optics and measuring conditions, levelling of the instrument etc. In 
addition we must take into account the uncertainty of the eccentricity observations. In our 
measurements we centred the instrument and the prisms above the markers and assume 
that the horizontal eccentricity is zero. We measured the vertical eccentricity (instrument 
or prism heights) but the uncertainties of unmeasured horizontal eccentricities present in 
our measurements must be taken into account in the analysis. The covariance matrix of 
observations is  

 

where the matrix A is Jacobian matrix of observation equations 

. 

In our uncertainty analysis we used for instrumental, observer and circumstance based 
uncertainties 0.4 mgon, 0.8 mgon and 0.5 mm for horizontal angles, vertical angles and 
distances, respectively. We calculated the influence of the uncertainties of eccentricities 
individually for each observation. We use 0.5 mm uncertainty for horizontal eccentricity 
and from 0.5 mm to 2 mm for vertical eccentricity, depending on the centring. For tripod 
points we used 2 mm vertical uncertainty, because the instrument or prism height was 
measured with tape.  

For horizontal angle observations all uncertainty components sum up to combined 
standard uncertainty of 3.0–7.0 mgon, where the centring of the instrument and 
prisms/targets is the most significant source because of short distances. For vertical angle 
observations the total uncertainty is up to 20 mgon and for the slope distance up to 1 mm. 



56 

 

In adjustment the weight matrix was the inverse of the covariance matrix of observations. 
As a result of the adjustment we got the covariance matrix of coordinates from which we 
derived, using the variance propagation law, the variances of adjusted horizontal angles 
and distances. In the latest campaign the uncertainties of horizontal coordinates in local 
system are from 0.18 mm to 0.70 mm. Depending on the size of the triangle, the 
estimated uncertainties of the adjusted horizontal angles and the horizontal distances vary 
from 2.8 mgon to 11.9 mgon and 0.3 mm to 1.0 mm, respectively. An example of 
comprised uncertainties is shown in Figure 5-2. 

We can estimate the uncertainties also using time series of angles and distances. The 
pooled standard deviations are 3.34 mgon and 0.61 mm for horizontal angles and 
distances respectively. The uncertainties of the horizontal coordinates in local system 
vary from 0.13 mm to 0.39 mm.  

 

Figure 5-2. An example of the results of the free network adjustment of the control 
network at station GPS2 in 2010 with error ellipses and relative error ellipses. 

5.5 Movements 

5.5.1 Changes in distances and angles between campaigns 

The pillars were first analysed by calculating campaign-to-campaign changes in distances 
and angles. This analysis detects possible movements due to sudden events like damages 
caused by construction works. When analysing the changes in distances or in angles 
between consecutive campaigns we used the threshold value three times uncertainty of 
the angle or distance multiplied by square root of two: 0.014 gon for angles and 2.5 mm 
for distances.  If the change is more than the threshold, we can claim that it is significant.  

We calculated the differences between all campaigns in all combinations and did not find 
any significant change between campaigns (Figures 5-3 and 5-4). The horizontal angles 
and distances are tabled in Appendix 2. 
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Figure 5-3. Scattering of the adjusted angles (mgon): at antenna platform (blue) and at 
control marker A (red) with standard deviations calculated from time series. 



58 

 

 

Figure 5-4. Scattering of the adjusted distances (mm) OA (blue) and OB (red) with 
standard deviations calculated from time series. 

5.5.2 Long-term velocities of control markers 

As the control networks have been measured four times at each pillar point (except the 
GPS4 where one of the benchmarks is not achievable anymore and at GPS11, GPS13 and 
GPS15 which were established later) it is possible to analyse long-term changes of the 
pillars. These may be caused e.g. by bad foundations or slow changes in monument 
structure. The effect of former should be eliminated or at least largely diminished by the 
fact that the pillars are founded on bedrock. Therefore possible motions detected by this 
analysis would mainly be caused by changes in pillar structures (e.g. fatigue of 
materials).   

In order to see if the pillar has been stable with respect to the control markers we made a 
calculation of horizontal velocities of the pillar points in local system. In the analysis we 
oriented each network by fixing the direction from the pillar point (O) to the control 
marker A to zero. If we assume that control markers are stable and the movement of the 
pillar point is linear (like slow tilting of the pillar) we can estimate the velocity vector of 
the pillar point (Figure 5-5). The velocity can be interpreted significant if it is more than 
three times the standard deviation. None of the estimated velocities is significant except 
at GPS5, where we have significant linear movement.  

If we allow also the control markers to move, we get slightly different movements 
(Figure 5-6). Especially at the station GPS6 there is a significant velocity between control 
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markers. The control marker B at station GPS6 has been damaged, which can be seen on 
the surface of the bolt. Also at stations GPS2, GPS5, and at GPS7 control markers may 
not be stable. At GPS2 the control marker B is slightly damaged. 

It is also possible that the movements of the pillars may not be linear at all. In order to 
verify the linearity of the movements and improve the reliability of the analysis, longer 
time series are needed. We can now measure coordinates in local system with 0.1-0.3 mm 
uncertainty, so the measurement accuracy is hard to improve anymore. Also change of 
instruments, like the tilting prism and EDM device together, has been an extra uncertainty 
source in distance measurements in the first three campaigns; the co-axial tachymeter was 
available only in the last control marker measurement campaign.  

 

Figure 5-5. Horizontal velocities of pillar points relative to the control markers with 
three sigma error ellipses. 
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Figure 5-6. Horizontal velocities in control network relative to the centre of the network 
with three sigma error ellipses. 

5.5.3 Changes in height differences between control markers 

The height differences between control markers have been measured every two years 
since 2003 using precise levelling. In the first precise levelling campaign only control 
markers were levelled but in next four campaigns also the antenna platform was included 
in the levelling loops. The control marker B at station GPS2 is slightly damaged but the 
point has been still levelled. The results of the height of the point GPS2B have not been 
used in deformation analysis, but we take it here under consideration when analysing the 
changes in height differences between the control points and antenna platform. In the 
Figure 5-7 we can see the scattering of the height differences in micro networks. The 
height differences between control markers have been almost constant during study 
period. The height of the antenna platform has obviously larger variance due to the more 
difficult procedure to level the platform. Any significant systematic trend is present. The 
height difference changes between the control points in station GPS2 are slightly larger 
than in other stations, which can at least speculatively be interpreted due to the damage of 
the control marker B. 

We compared the determined height differences between the control points and the 
antenna platform with our trigonometric height differences from the control network 
measurements. The RMS of the differences of all control marker measurements was 1.2 
mm and the maximum difference was 3.4 mm. The differences between the measurement 
methods result from the instrument and prism height measurements and can also be seen 
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in residuals of vertical angles in three dimensional adjustments. It is not reasonable to use 
the trigonometric height differences for analysing the movements of the pillar, because 
we have the sub-mm accuracy levelling for that purpose. 

 

Figure 5-7. Point residuals in mm after combining the height differences of the levelling 
campaigns in the micro networks. 
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6 EDM BASELINE MONITORING 

Soon after the repeated GPS observations in the Olkiluoto control network were started in 
1996, we found small but significant semi-annual scale variations in the results. This was 
the motivation for repeated terrestrial observations with high-precision EDM instruments. 
One inter-pillar line was cleared from trees to have a line-of-sight and to serve as a 
geodetic baseline for EDM. Since 2002 we have performed EDM observations between 
GPS7 and GPS8 at this 511-m baseline twice a year simultaneously with GPS 
observations, usually in April and in October. Here we present the connection of the 
measurements to the SI unit metre in the metrological traceability chain and analyse 
results. 

6.1 Metrological traceability of the electronic distance measurements 

We have performed the EDM observations with calibrated high-precision instruments, 
the results of which are metrologically traceable to the definition of the metre. We have 
estimated the total uncertainty in the traceability chain using internationally 
recommended methods, such as GUM (BIPM JCGM, 2008). For this we have separately 
estimated every source of uncertainty in every measurement stage through the entire 
traceability chain. In GPS measurements there is no comparable traceability or single 
recommended processing method for observations. Therefore we regard the results from 
EDM as “true” values, relative to which we analyse the obtained GPS results. 

Our EDM instrument, Kern Mekometer ME5000 n:o 357094, property of the Department 
of Surveying of the Aalto University, is the most accurate EDM instrument in Finland. 
According to the technical specifications, the accuracy is ± (0.2 mm + 0.2 mm/km). The 
long calibration history in the FGI shows even smaller values in favourable conditions. 
We have successfully used this reliable instrument in several national and international 
measurement projects aiming at utmost accuracy. Unfortunately the instrument has not 
been manufactured since 1990s, and no repair service is available, which is a risk factor 
in planning for the continuation. 

We perform the calibrations at the Nummela Standard Baseline of the FGI, fitting them 
with our annual calibration schedules. We calibrate the equipment, the Mekometer and its 
prism reflector, are at least twice every year, but usually a few more times, depending on 
the measurement activities during the field work season in question. The calibration 
results of several years serve in the stability control of the equipment, but we only apply 
the results of one ongoing field work season at a time. We correct the observations at 
Olkiluoto using the instrument corrections determined in the calibrations at Nummela.  

At the Nummela Standard Baseline we have 15 different known distances, ranging from 
24 m to 864 m. In one EDM calibration we measure all of them from the both ends, 
altogether 30 distances (Figure 6-1). Weather observations for air temperature, pressure 
and humidity are an essential part of the measurement procedure, and we perform them 
simultaneously with the EDM observations. We also calibrate the weather observation 
instruments regularly. With geometrical corrections we reduce the observations onto the 
reference height level of the baseline. 
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Figure 6-1. Kern Mekometer ME5000 calibration at the Nummela Standard Baseline. 

 

 

Figure 6-2. Adjusting a quartz gauge in the Väisälä interference comparator at the 
Nummela Standard Baseline. 
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We compute the scale correction of the EDM instrument comparing the known and the 
observed and corrected distances. We also determine the additive constant for the 
combination of the EDM instrument and its prism reflector. During the last ten years 
typical instrument corrections have been around +0.2 mm/km for the scale correction and 
less than +0.1 mm for the additive constant, with little variation in both of them. 
Although they are rather negligible, they usually are statistically significant, which is an 
indication of the capability of the method.  

We report the results in official Certificates of Calibration, which the National Standards 
Laboratory (NSL) of Length in the Department of Geodesy and Geodynamics in the FGI 
(FGI-GG) issues. An internationally reviewed and acknowledged quality management 
system, described in the Quality Manual for the NSLs in the FGI-GG, covers the entire 
procedure from the definition of the metre to the certificates of calibration. We have 
constructed our quality management system according to the international standard 
ISO/IEC 17025 (ISO, 2005). This standard is generally used by testing and calibration 
laboratories and closely adapted with the well-known quality management standard 
ISO9001 (ISO, 2008).  

The Nummela Standard Baseline is a national measurement standard for length 
measurements in geodesy. Since 1947 the baseline has been measured 15 times with the 
Väisälä interference comparator, using white-light interferometry. The total standard 
uncertainty has always been smaller than 0.1 mm for the longest distance, 864 m. Jokela 
and Häkli (2010) have documented the last measurements in 2005 and 2007 (Figure 6-2).  

The Nummela Standard Baseline serves in EDM calibrations, when the best possible 
accuracy is required. In addition to domestic needs, it is used in international 
measurements for traceable scale transfer to geodetic baselines and test fields around the 
world. This worldwide interest is due to the long history (since 1933), supreme accuracy 
and extreme stability (variation for 864 m within 0.6 mm during the interference 
measurements in 1947–2007). Also the traceability chain to the baseline is exceptional. 

Quartz gauges are 1-m-long national measurement standards, which bring the traceability 
in the Väisälä interference comparator. University of Turku has maintained the quartz 
gauge systems since 1930s. Nowadays the FGI performs comparisons for the 
maintenance at the Tuorla Observatory of University of Turku. This includes 
comparisons of a few quartz gauges relative to the principal normal of the system, quartz 
gauge no. 29. The national metrology institute MIKES has facilities to perform absolute 
calibrations of the quartz gauges; standard uncertainties of 35 nm have been achieved. 
The primary measurement standards, which MIKES uses in these calibrations, link the 
entire traceable measurement chain to the definition of the metre. 

For maintenance of the national measurements standards, two experts of the FGI are 
preparing new comparisons of a few quartz gauges at Tuorla, and we plan to perform 
next interference measurements at Nummela in autumn 2014. A new absolute calibration 
of a few quartz gauges is scheduled after that, possibly in 2015. 

6.2 Analysis of EDM measurement 

The time series of EDM measurement consists of 19 observations in 2002–2011. The 
calculation of EDM observations has been made in a consistent manner for each annual 
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report, but small changes have occurred. Here we reanalyse the whole data set and 
discuss of the uncertainties. 

Every baseline determination includes 30 measurements at the both ends of the baseline 
except the first campaign, where only 10 measurements have been made at the both ends. 
The temperature and air pressure have been measured at the both ends simultaneously. 
The instrumental corrections, scale and additive constant corrections determined at the 
Nummela Standard Baseline of the FGI have been applied to the results.  

The first velocity correction calculation formulas used in annual analysis have been 
changed in 2010. Here we homogenise the data set by applying the Ciddor’s formula 
(Ciddor 1996, Ciddor and Hill, 1999) for whole the data set. However, the formulas used 
before 2010 give almost identical results. The impact of the changing the formulas varies 
0.02–0.04 mm in the 511 m  long Olkiluoto baseline depending on the temperature, the 
moisture and the air pressure.  

We change here also the strategy to apply the instrument calibration results. We have 
now decade long time series for scale correction and additive constant for the ME 5000. 
The additive constant has during time span been almost zero varying from –0.18 mm to 
0.17 mm and the scale correction seems to have slightly descending trend varying from 
0.87 ppm to –0.48 ppm, which means 0.7 mm difference in 511 m baseline. Previously 
only the nearest values have been used in calculations, but now we take into account the 
whole data history of instrument calibrations, still giving the strongest weights for the 
nearest values.   

6.2.1 Applying the scale correction and additive constant 

The time between calibration of the instrument in Nummela and the measurement 
campaign in Olkiluoto varies. In the first three campaigns the scale correction and 
additive constant have been zeros in original calculation. In the fourth campaign the scale 
correction used in previous calculation has been exceptional (0.84 ppm) compared with 
other campaigns.  To better utilize all calibration values in time series and to ensure that 
one exceptional value does not dominate, we use all values in time series by calculating 
the weighted average of them for each baseline measurement campaign. Weights are 
inversely proportional to the time difference (in years) from the measurement epoch. To 
avoid dividing by zero we use the limit 0.01 year for the shortest time difference. In 
Figures 6-3 and 6-4 blue triangles are the scale correction and additive constant values we 
have used. Red stars are the values used previously and black circles are the calibration 
results in Nummela. Green stars show a trend line. The differences between old and new 
baseline distances vary from -0.179 mm to 0.181 mm (Figure 6-5). The newest scale 
correction values, which were not available during the writing of the latest working 
report, influence on the results of the last campaign by shortening the distance slightly. In 
comparison the extreme values come from the first three campaigns where the corrections 
has been zeros and from the year 2004 when the scale correction has had an exceptional 
value. 
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Figure 6-3. Scale corrections. 

 

 

Figure 6-4. Additive constants. 
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Figure 6-5. Differences to previous calculation (old minus new) in meters. 

6.2.2 Comparing the GPS7-GPS8 with GPS8-GPS7 distances 

The distance has been measured at the both ends usually in subsequent days. During the 
first two campaigns the both ends have been measured in the same day and in autumn 
2011 there were few days between the sets due to the problems in power supply.  The 
maximum difference between the two sets has been 0.51 mm (Figure 6-6) and the 
standard deviation of differences is 0.28 mm, which divided by square root of two agrees 
with standard uncertainties of the baseline length. The reasons for differences are 
environmental and instrumental. To better control the centring of the instrument we 
changed the measurement strategy in 2009. By centring the instrument and prism every 
fifth observation we diminish the centring uncertainty which otherwise remain in results.  
Also the environmental changes become better taken into account because we have a half 
an hour break between sets. 
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Figure 6-6. The differences in distances GPS7-GPS8 (blue) and GPS8-GPS7 (green). 
Red stars are averages. 

6.2.3 Comparing GPS and EDM distances 

The agreement with GPS and EDM distances is good, especially after year 2006, when 
there are no differences in GPS and EDM distances within the uncertainty level that the 
measurement methods provide (Figure 6-7). The processing strategies of GPS 
observation have been described in section 3.2. The both measurement techniques show a 
significant descending trend for the distance between pillars GPS7 and GPS8. The change 
rates computed for the time span 2002–2011 are (–0.0637 ± 0.0175) mm/a and (–0.1455 
± 0.0352) mm/a for EDM and GPS time series, respectively. The standard deviations of 
EDM and GPS distances in time series after removing the trend are 0.226 mm and 0.457 
mm.  

When looking at the time series we see that distance has rarely changed after autumn 
2006 (Figure 6-7). Therefore a trend may not be the best explanation for the possible 
movements. The alternative explanation could be that there is a small displacement 
happened between years 2004 and 2006. If we split the time series into two pieces 
including years 2002-2005 and 2006-2011 the difference of the means of the two time 
periods are 0.399 mm and 0.943 mm in EDM and GPS distances, respectively. The 
standard deviations of distances for the periods are 0.239 mm and 0.201 mm for EDM 
and 0.344 mm and 0.449 mm for GPS results. The difference of GPS and Mekometer 
distances in 2002-2005 was 0.573 mm and in 2006-2011 it was 0.034 mm. 

The third explanation is that the both EDM and GPS distances in autumn 2006 are 
outliers.  The residuals in trend fitting of the observation under consideration were 0.475 
mm in EDM time series and 1.122 mm in GPS time series.  
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When analysing possible cause for jump, one can note a comprehensive change in station 
surrounding sometime between 2002 and 2008 (see section 3.1). A large landfill area has 
been established close to the baseline meaning that the forest has been cut down, some 
bedrock been blasted and massive amount of soil collected close to the station GPS7. 
This has resulted also one baseline measurement with EDM to be skipped in spring 2006 
because there was mass of soil dumped in the line of sight between GPS7 and GPS8 
(Figures 3-5). The two techniques differ in the sense of station surroundings. While the 
Mekometer measurements are virtually independent on surroundings (or only a little 
affected) the GPS measurements are significantly more sensitive to changes in 
environment in the vicinity of the station. Therefore the difference between the 
Mekometer distances before and after year 2006 can indicate a small but real 
displacement e.g. because of huge change in land masses close to GPS7. The GPS 
distances are more affected and most likely at least a part of the change is spurious and 
caused by changes in surroundings. With improved surroundings (regarding to GPS 
measurements) and measurement strategies, the results of both techniques have 
converged to each other.  

 

Figure 6-7. Mekometer and GPS distances for baseline GPS7-GPS8. Red: Mekometer 
and black: GPS. Total uncertainties of the Mekometer and GPS distances  are presented 
in errorbars.  

6.2.4 Total uncertainty of EDM and GPS baseline 

Total uncertainty in the calibration certificates of the EDM baseline has been estimated 
combining the uncertainty values for centring, refractive index calculation, instrument 
calibration and the standard deviation of the average. Here we describe the uncertainty 
components of the total uncertainty. 
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First we estimate the influence of uncertainties in temperature and air pressure 
measurements on the uncertainty of the first velocity correction. We used Monte Carlo 
simulation giving 0.2 Celsius degrees uncertainty to temperature measurements and 1 
mbar uncertainty to air pressure measurement. We used 1000 normal distributed random 
numbers for dry and wet temperature and air pressure to get the distribution of the first 
velocity correction in typical temperature and air pressure conditions of our 
measurements for one distance observation.  We got uncertainties of 0.17–0.19 mm (mfvc) 
for the first velocity correction.  

We calculated three different total uncertainties depending on the measurement strategy 
used in the campaign. In the first campaign in spring 2002 only ten distance 
measurements were measured at the both ends (nsets=2 and nobs=10). In the campaigns 
between autumn 2002 and autumns 2008 we have measured three sets of ten distances 
between which we have a break at the both end of the baseline(nsets=6 and nobs=10). Since 
spring 2009 we have split the 30 distance measurement at the both ends to five sets of six 
distance measurement (nsets=12 and nobs=5). The time between subsequent observations is 
about two minutes.  

The temperature and air pressure measurement in a set are highly correlated. Therefore, 
the uncertainty of the first velocity correction cannot be seen in the deviation of the 
distances in a set (Figure 6-8). (This is actually not true in all cases because we have 
measured in circumstances where the changes from cloudy to sunny have varied rapidly 
and temperature changes have varied several Celcius degrees in few minutes).  

The new centring and levelling has been performed between each set. The uncertainty of 
centring can be estimated to be 0.1 mm (mcent) at the both ends of the baseline. The 
standard deviation of the average of a set (mi) can be estimated from observations using 
the pooled variance of sets of all campaigns.  We have altogether 80 observation sets 
containing 10 observations each from which the pooled standard deviation for one 
observation is 0.114 mm. When using five observation sets of the last six campaigns (72 
sets) we got 0.098 mm.   

The uncertainty of instrument calibration values is not visible in the standard deviation of 
corrected observations of a campaign because we have the same correction for all 
observations. The uncertainties of the scale correction and the additive constant must be 
added to the uncertainty of the average.  

We may also add a personal uncertainty of the observer, from experience 0.1 mm (mp), 
depending the way the aiming (using the maximum signal) has been performed. The total 
uncertainty of the baseline is then: 

∙ 2
 

Using the standard deviations of scale correction 0.266 ppm and additive constant 0.056 
mm from trend fitting of the time series we get 0.15 mm (mcal) influence to the 
uncertainty of the distance of 511.25 m 
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Figure 6-8. An example of temperature (left) and air pressure (right) measurements in 
October 2011. Top figures showing measurements at first day and bottom figures at 
second day and red/blue from different ends of the baseline.  

Using the values mfvc = 0.19 mm , mcent = 0.1mm, mi = 0.1 mm, mcal = 0.15 mm and mp = 
0.1 mm, we get the combined total uncertainties for the baseline length:  0.247 mm for 
the first campaign, 0.205 mm for the middle campaigns and 0.193 mm for the last six 
campaigns. 

If we take into account the uncertainty of unmeasured temperature along the line-of-sight 
and use 0.5 Celcius degrees uncertainty for temperatures we get uncertainty of the first 
velocity correction of 0.29 mm. The totals will then be 0.292 mm, 0.224 mm and 0.203 
mm. 

To estimate for uncertainty of GPS baseline GPS7-GPS8 is more complicated. We get 
standard deviations of coordinates from Bernese processing, but the standard deviations 
do not include all sources of uncertainty. From coordinate standard deviations we can 
easily derive the standard deviations for distances that vary from 0.088 mm to 0.152 mm 
(including years 2002-2011). Then we have the differences to the Mekometer distances, 
which are our reference, and we have uncertainties for Mekometer distances. RMS for 
GPS distances when comparing them with Mekometer distances is 0.551 mm. By using 
following values: the RMS = 0.551 mm, mBern = 0.17 mm and ma = 0.22 mm, we can 
estimate the combined standard uncertainty of the GPS baseline:   

	  0.617 mm 
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7 OUTLOOK AND CONCLUSIONS OF GPS WORK AT OLKILUOTO   

The Finnish Geodetic Institute has monitored crustal deformations in Olkiluoto since 
mid-1990s and the results of campaign based GPS measurements carried out in 1996–
2011 have been presented in this report. The emphasis of the research has been on the 
local GPS networks, called inner and outer networks. On the basis of the 15 years 
measurement of inner network, we have achieved a detection threshold of 0.1 mm/a for 
single stations velocities. The campaign measurement allows us to detect secular changes, 
but we are not able to observe e.g., discontinuities or periodical changes in the time 
series. Therefore, we are changing the observation strategy from the multi-campaign 
approach to permanent tracking. 

7.1 Towards continuous observations 

Currently we are in a transition phase, where some of the GPS-sites have permanent 
receivers and part of them is still observed only with semi-annual campaigns. Figure 7-1 
shows current status of local networks. Blue circles indicate the stations that are having 
new individually calibrated Leica AR25 antennas and Leica GX1230 receivers installed 
permanently. The antenna calibration values defined by Geo++ were validated in 2011 
(Kallio et al., 2012, section 3.2.3). Yellow circles in figure show stations that are planned 
to be permanent with similar equipment during 2013. None of these sites have a data 
communication and the data are stored to receiver’s memory card, from which the data is 
downloaded twice a year during the measurement campaigns. Black square in figure 
shows an original permanent station GPS1 that is also a part of Finnish Permanent GPS 
network (see section 2). Black circles of inner network and red circles of outer network 
indicate sites that are only observed during field campaigns. 

Acknowledging the advantages of having permanent observations all non-permanent sites 
are discussed here one by one. From the inner network GPS7 and GPS5 are non-
permanent. It is rather impossible to get electricity for GPS5 through the conservation 
area. However, it would be worthwhile looking at a solution like solar panels in order to 
prolong the observation times from couple of days. Also a larger battery sets could give 
us similar results. GPS7 will most likely be destroyed when construction work for OL4 
begins. At GPS7 a similar solution like for GPS5 could be deployed.  

All points of outer network (GPS11, GPS12, GPS14 and GPS15) are non-permanent. 
GPS12 at Pyrekari has been a challenging place to access recent years. Since autumn 
2008 we have been able to visit island only every third measurement campaign. From 
observational and logistical point of view it would be worth consider moving GPS12 to 
the mainland.  

At GPS11 there is also a gravity laboratory. Finnish Geodetic Institute is renewing 
FinnRef network by the end of 2013 (Koivula et al., 2012b). A GPS11 would be a good 
location for a permanent GNSS station that would connect Olkiluoto to national and 
global GNSS networks. A new FinnRef site would have a steel grid mast of three meters. 
A tie between existing pillar (GPS11) and the new mast could be accurately measured 
using long GPS times series and tachymeter measurements. A new FinnRef site would 
replace the existing pillar (GPS11) on outer network. GPS1 is currently a part of national 
FinnRef network. If GPS11 would be a new FinnRef site the antenna of GPS1 could be 
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removed for calibration after two years of common observations. At a same time a 
possibility to upgrade antenna from GPS to GNSS one should be considered. In any case 
a more frequent data from non-permanent sites would be fruitful. Simplest method would 
be permanent equipment at sites with regular battery changes by local operators. 

 

Figure 7-1. The local GPS monitoring networks at the Olkiluoto research area. Black: 
Original network has been established in 1994 (GPS13 in 2003). Red: Pillars have been 
established in 2003 and 2005. Blue: new pillars for permanent GPS stations have been 
established in 2010. 

During the transition time from campaign based to permanent observations a special care 
should be made to maximize the data from campaign point and to minimize the 
unnecessary field work. The first effort to this direction was taken during the 2012 
autumn campaign when GPS3 was already measured with the very same AR25 that will 
be used there, when the station will be permanent. Since GPS7 is originally measured 
with the same antenna than GPS3 and this was the only pair of sites left for such a 
scenario, the campaign could be measured with less observation sessions. A goal should 
be to be able to measure all campaign points in one session and lengthen observation 
sessions. 
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Daily data processing of continuous GPS data is performed in a same way than campaign 
based data. The data processing will be carried after the biannual data download. The 
challenges and possibilities stand out from the time series analysis. Time series allow us 
to monitor and see periodical behaviour of coordinate series. These periods may originate 
from real geophysical sources as well from annually changing phenomena. Time series 
let us identify discontinuities that would be impossible to detect from campaign based 
measurements. In case of abnormal results we may also take a look at sub-daily time 
series or decide to increase observing interval if necessary. 

7.2 Securing data, site and equipment 

The GPS equipment at sites should be continuously operating. Since there is no data link 
to the sites they should be regularly (e.g. monthly) checked to avoid long data gaps in 
case of malfunctioning of the receivers. Alternatively a wireless data connection could be 
tested for data download or at least for checking that the receiver is still operational. Most 
likely cause for malfunctioning would is a damaged receiver due to lightening and surge 
protection that is not adequate. 

A quality of the site also influences on the reliability of obtained results, as seen in the 
data quality indicators and coordinate time series. Any changes on near field influences 
on the data collected. Obstacles, like trees that are slowly growing, above a specified cut-
off angle do affect the accuracy of especially height component of GPS solutions and 
may cause artefacts that could be misinterpreted as a real motion of the site. Any other 
changes in the vicinity of the site may have similar effects. Therefore it is crucial that all 
changes on the sites would be documented so that the behaviour of time series would be 
fully understood.  

Stability of the pillar has been controlled with tachymeter measurements that have been 
periodically repeated. The horizontal coordinates have been measured with 0.1–0.3 mm 
uncertainties in a local coordinate system. Currently, when the FGI is renewing FinnRef 
network we are using a Scintrex CG5 spring gravimeter to verify the stability of the 
bedrock where the mast is installed. Scintrex CG5 is a very sensitive spring gravimeter 
with a resolution of 1 Gal (10–8 ms-2). The gravimeter is used as a seismometer taking 
advantage of the high sensitivity of the spring to shocks or shaking. Figure 7-2 shows an 
example of a gravimeter reading of a non-stable site. The recording begins with a sine 
like wave that is related to natural micro seismicity. There are two “seismic events” 
clearly detectable from the background noise. Both of these events are intentionally 
caused to test the stability of bedrock. The event between 13 and 22 seconds is recorded 
when the observer is wobbling i.e. moving his weight from one leg to another. This test is 
always performed several times changing the wobbling direction. Another “seismic 
event” is at 30 s when the bedrock is hit with a hammer. On stable bedrock nothing could 
be seen, but here it obviously disturbs the instrument i.e. the bedrock is not stable. A 
similar additional test could be performed for all the GPS sites at Olkiluoto as well, at 
least on sites where any movements are suspected.  
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Figure 7-2. An example reading of the Scintrex CG5 gravimeter (Koivula et al. 2012b). 

7.3 The future of EDM baseline between GPS7 and GPS8 

EDM measurements between GPS7 and GPS8 have been performed since 2002. The 
measurements were included to the field work program after it was noticed that the scale 
of the GPS network tends to change from year to year. The FGI is the National standards 
laboratory of Length and is able to measure distance with traceability to the definition of 
metre. Soon it was noticed that there seems to be constant offset between GPS and EDM 
results. This led the FGI to calibrate all the antennas individually and study the optimum 
processing strategies as well as quality of antenna calibrations (Koivula et al. 2012a, 
Kallio et al. 2012). After these efforts the difference between EDM and GPS results has 
decreased significantly. The differences between EDM and GPS measurements in 2002–
2005 and 2006–2011 were 0.6 mm and 0.03 mm, respectively. Remaining differences 
between the observation techniques originate most likely from the site specific effects in 
GPS measurements. Since high consistency between different techniques have been 
achieved, the EDM baseline measurement between GPS7 and GPS8 are not anymore 
necessary. Additionally, after the GPS8 is measured with permanent observations, every 
time the removal of the antenna for the EDM baseline measurement would cause a 
discontinuity to the GPS time series. FGI has a GPS test field at Metsähovi research 
station, where GPS/EDM comparisons will continue with different azimuth angles as 
well. 
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APPENDICES 

Appendix 1. Baseline change rates and 1D strains 

Inner network 

Baseline Change rate mm/a St.dev mm/a Strain ppm/a 

1 2 -0.09 0.03 -0.07 

3 -0.12 0.03 -0.12 

4 0.00 0.03 -0.01 

5 0.06 0.03 0.05 

6 0.06 0.01 0.05 

7 0.09 0.02 0.06 

8 0.05 0.03 0.03 

9 0.11 0.02 0.05 

13 0.12 0.04 0.05 

2 3 -0.03 0.04 -0.02 

4 -0.02 0.04 -0.01 

5 -0.11 0.02 -0.08 

6 -0.04 0.03 -0.02 

7 -0.03 0.02 -0.01 

8 -0.04 0.04 -0.01 

9 -0.02 0.03 -0.01 

13 0.01 0.07 0.00 

3 4 -0.04 0.02 -0.05 

5 -0.05 0.04 -0.02 

6 -0.09 0.02 -0.04 

7 -0.02 0.02 -0.01 

8 -0.01 0.02 0.00 

9 0.01 0.02 0.00 

13 -0.01 0.06 0.00 

4 5 0.03 0.04 0.02 

6 -0.05 0.02 -0.04 

7 0.01 0.01 0.01 

8 0.01 0.02 0.01 

9 0.04 0.02 0.02 

13 0.05 0.04 0.02 

5 6 0.12 0.03 0.09 

7 0.08 0.03 0.04 

8 0.04 0.04 0.02 

9 0.07 0.03 0.03 

13 0.13 0.05 0.06 

6 7 -0.08 0.04 -0.11 

8 -0.11 0.04 -0.10 

9 -0.04 0.03 -0.03 

13 0.11 0.04 0.09 

7 8 -0.04 0.02 -0.08 

9 0.02 0.02 0.02 

13 0.01 0.03 0.01 

8 9 0.02 0.01 0.02 

13 -0.06 0.06 -0.04 

9 13 -0.19 0.04 -0.29 
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Outer network 

Baseline Change rate mm/a St.dev mm/a Strain ppm/a 

1 11 -0.42 0.06 -0.05 

12 0.16 0.11 0.03 

14 -0.39 0.13 -0.05 

15 -0.28 0.10 -0.05 

11 12 -0.25 0.09 -0.02 

14 0.05 0.07 0.01 

15 0.04 0.08 0.00 

12 14 0.09 0.18 0.01 

15 -0.07 0.13 -0.01 

14 15 -0.01 0.06 0.00 
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Appendix 2. Angles and distances in control marker networks 

  Horizontal angles (gon) Horizontal distances (m) Height differences (m) 

GPS1 B-A-O O-B-A A-O-B AB AO BO AB AO BO 

2001 53.4844 45.6793 100.8363 15.6687 10.3035 11.6700 0.3066 2.3927 2.0860 

2004 53.4827 45.6747 100.8427 15.6665 10.3012 11.6680 0.3061 2.3911 2.0850 

2007 53.4813 45.6803 100.8384 15.6677 10.3030 11.6687 0.3066 2.3915 2.0850 

2010 53.4837 45.6763 100.8400 15.6673 10.3020 11.6688 0.3059 2.3920 2.0860 

GPS2 B-A-O O-B-A A-O-B AB AO BO AB AO BO 

2001 33.4122 43.4959 123.0919 13.6919 9.2453 7.3391 0.0419 2.3929 2.3511 

2004 33.4167 43.4951 123.0882 13.6921 9.2451 7.3389 0.0418 2.3938 2.3519 

2007 33.4131 43.4945 123.0924 13.6930 9.2458 7.3389 0.0421 2.3943 2.3521 

2010 33.4159 43.4989 123.0852 13.6926 9.2460 7.3389 0.0421 2.3949 2.3528 

GPS3 O-A-B A-B-O B-O-A AB AO BO AB AO BO 

2001 50.9262 48.0784 100.9954 11.3571 7.7856 8.1476 0.0742 2.5303 2.4561 

2004 50.9335 48.0838 100.9827 11.3573 7.7864 8.1487 0.0741 2.5309 2.4568 

2007 50.9344 48.0805 100.9850 11.3587 7.7870 8.1498 0.0744 2.5304 2.4561 

2010 50.9286 48.0833 100.9881 11.3585 7.7872 8.1490 0.0747 2.5336 2.4589 

GPS4 O-A-B A-B-O B-O-A AB AO BO AB AO BO 

2001 56.3290 50.2602 93.4108 16.0043 11.4241 12.4507 0.0532 2.5565 2.5033 

2004 56.3336 50.2596 93.4068 16.0035 11.4234 12.4509 0.0532 2.5543 2.5011 

2010 56.3256 50.2586 93.4158 16.0052 11.4243 12.4508 0.0528 2.5564 2.5037 

GPS5 B-A-O O-B-A A-O-B AB AO BO AB AO BO 

2001 56.9263 41.3195 101.7542 9.3593 5.6591 7.3002 0.3628 2.4143 2.0516 

2004 56.9277 41.3187 101.7536 9.3592 5.6590 7.3003 0.3622 2.4149 2.0527 

2007 56.9316 41.3207 101.7477 9.3592 5.6592 7.3007 0.3613 2.4129 2.0516 

2010 56.9297 41.3245 101.7458 9.3600 5.6601 7.3011 0.3619 2.4142 2.0523 

GPS6 O-A-B A-B-O B-O-A AB AO BO AB AO BO 

2001 51.1871 67.1139 81.6990 8.7256 7.9117 6.5528 -0.1988 2.2850 2.4838 

2004 51.1906 67.1054 81.7040 8.7263 7.9116 6.5535 -0.1981 2.2852 2.4833 

2007 51.1860 67.1066 81.7074 8.7269 7.9120 6.5534 -0.1987 2.2849 2.4836 

2010 51.1832 67.1044 81.7124 8.7274 7.9122 6.5534 -0.1979 2.2852 2.4831 

GPS7 B-A-O O-B-A A-O-B AB AO BO AB AO BO 

2001 48.5237 45.4266 106.0498 12.2981 8.0859 8.5306 0.0778 2.3305 2.2527 

2004 48.5254 45.4286 106.0460 12.2990 8.0868 8.5314 0.0776 2.3309 2.2533 

2007 48.5292 45.4246 106.0462 12.2993 8.0864 8.5321 0.0763 2.3290 2.2527 

2010 48.5262 45.4275 106.0463 12.2997 8.0871 8.5320 0.0775 2.3309 2.2535 

GPS8 B-A-O O-B-A A-O-B AB AO BO AB AO BO 

2001 73.1242 56.6369 70.2389 5.1466 4.4787 5.2590 0.4228 2.4488 2.0260 

2004 73.1372 56.6356 70.2273 5.1468 4.4792 5.2602 0.4237 2.4497 2.0260 

2007 73.1293 56.6348 70.2359 5.1472 4.4792 5.2600 0.4234 2.4487 2.0253 

2010 73.1304 56.6367 70.2329 5.1477 4.4799 5.2606 0.4231 2.4495 2.0264 
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GPS9 O-A-B A-B-O B-O-A AB AO BO AB AO BO 

2001 46.5295 52.7909 100.6796 13.7468 10.1377 9.1769 -0.5238 2.5693 3.0931 

2004 46.5290 52.7967 100.6743 13.7472 10.1388 9.1771 -0.5241 2.5702 3.0943 

2007 46.5302 52.7946 100.6752 13.7477 10.1389 9.1776 -0.5237 2.5695 3.0932 

2010 46.5277 52.7957 100.6765 13.7480 10.1393 9.1774 -0.5254 2.5713 3.0966 

GPS11 B-A-O O-B-A A-O-B AB AO BO AB AO BO 

2004 44.3346 52.0592 103.6062 9.4356 6.8953 6.0623 -0.2113 1.4094 1.6207 

2007 44.3334 52.0689 103.5977 9.4365 6.8969 6.0627 -0.2120 1.4088 1.6208 

2010 44.3317 52.0581 103.6102 9.4365 6.8959 6.0626 -0.2136 1.4072 1.6208 

GPS13 O-A-B A-B-O B-O-A AB AO BO AB AO BO 

2004 59.5102 48.7897 91.7000 12.1333 8.4869 9.8445 -0.3243 1.2715 1.5958 

2007 59.5068 48.7933 91.6999 12.1340 8.4879 9.8446 -0.3239 1.2705 1.5944 

2010 59.5109 48.7930 91.6962 12.1344 8.4882 9.8455 -0.3238 1.2721 1.5959 

GPS15 O-A-B A-B-O B-O-A AB AO BO AB AO BO 

2007 50.5948 53.9914 95.4138 10.6066 7.9759 7.5894 -0.5210 1.1806 1.7016 

2010 50.5913 53.9913 95.4173 10.6071 7.9762 7.5894 -0.5205 1.1825 1.7030 

 

 

 




