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The Nordic countries Norway, Sweden, Finland and Denmark are a key study region for the research of
glacial isostasy. In addition, it offers a unique opportunity for absolute gravimetry to show its capability as a
geodetic tool for geophysical research. Within a multi-national cooperation, annual absolute gravity meas-
urements have been performed in Fennoscandia by IfE since 2003. For the Hannover gravimeter FG5-220, an
overall accuracy of £30 nm/s? is indicated for a single station determination. First results of linear gravity
changes are derived for 10 stations in the central and southern part of the uplift area. Comparing with the pre-
dicted rates of a glacial rebound modelling, the gravity trends of the absolute measurements differ by 3.8
nm/s? per year (r.m.s. discrepancy) from the uplift model. The mean difference between observed and predict-
ed rates is 0.8 nm/s2 per year only. A proportionality factor of —1.63 nm/sz per mm (£0.20) has been obtained

which describes the mean ratio between the observational gravity and height rates.

Keywords: Absolute gravimetry, Fennoscandian land uplift, glacial isostatic adjustment (GIA), postglacial

rebound (PGR).


mailto:timmen@ife.uni-hannover.de
mailto:timmen@ife.uni-hannover.de

1. The Fennoscandian Land Uplift

In the Fennoscandian land uplift area, the Earth’s crust has been rising continuously since the last
glacial maximum in response to the deloading of the ice. This process is an isostatic adjustment of
the Earth’s elastic lithosphere and underlying viscous mantle. For a general overview Wolf (1993)
gives a historical review about the changing role of the lithosphere in models of glacial isostasy.

The Fennoscandian rebound area is dominated by the Precambrian basement rocks of the Baltic
Shield, which is part of the ancient East European Craton and comprises South Norway, Sweden,
Finland, the Kola Peninsula and Russian Karelia. The region is surrounded by a flexural bulge, cov-
ering northern Germany and northern Poland, the Netherlands and some other surrounding regions.
The bulge area was once rising due the Fennoscandian ice load and, after the melting, sinking with a
much smaller absolute value than the uplift rate in the centre of Fennoscandia. Denmark is part of
the transition zone from the uplift to the subsidence area. The maximum spatial extension of the up-
lift area is about 2000 km in northeast-southwest direction; see Figure 1 for the approximate shape
(after Agren and Svensson, 2007). Presently, the central area around the northern part of the Gulf of

Bothnia is undergoing an uplift at a rate of about 1 cm/year.

(Figure 1)

Geophysical approaches to study the postglacial rebound are associated with the evidence for an-
cient shore lines and lake level data, the knowledge or assumptions about the geometry of the ice
sheets (thickness, position), and some Earth model parameters (lithosphere thickness, mantle vis-
cosity). After Lambeck et al. (1998b), the inverse solution for the sea level data includes both ice
and Earth model parameters as unknowns. Despite the recent progress in understanding the underly-

ing models, definite models for the isostatic rebound do not yet exist. Lateral rheological variations



have to be taken into account to obtain a more realistic glacially induced uplift model (Kaufmann et
al., 2000).

To monitor and investigate the recent land uplift in Fennoscandia, various measurements were
collected since 1892: mareograph records, geodetic levellings, and relative gravity measurements
since 1966. With these observations, the capability of terrestrial point measurement techniques to
determine the land uplift was proven along east-west profiles. They follow approximately the lati-
tudes 65°N (observed 1975-2000), 63°N (1966-2003), 61°N (1976-1983), and 56°N (1977-2003);
see Ekman and Makinen (1996) or Makinen et al. (2005). According to Ekman (1996), the maxi-
mum orthometric height change of 1 cm/year in the uplift centre is associated with a maximum
gravity change of about —20 nm/s? (—2.0 uGal) per year. Based on these numbers, a geoid change of
0.6 mm/year has been derived for the central area.

Nakiboglu and Lambeck (1991) deduced an eustatic sea level rise of 1.15 £0.38 mm/year from
the tide gauge observations which has been taken into account for the uplift determination by Ek-
man (1996). More recent papers show different results for the eustatic sea level trend, e.g. Woppel-
mann et al. (2007) obtained 1.83 £0.24 mm/year (GIA corrected) or 1.31 £0.30 (GPS corrected) for
the global trend, and Milne et al (2001) deduced 2.1 +0.3 mm/year (GPS corrected) from tide gaug-
es in the Fennoscandian region. Lidberg et al. (2007) corrected the tide gauge records from Ekman
(1996) by GPS velocities and confirmed the value 1.05 +£0.25 mm/year (GIA corrected) derived by
Lambeck et al. (1998a).

Since 1993, permanent GPS stations were established in Fennoscandia to implement a further ge-
odetic method with several advantages compared to the classical techniques (continuous data acqui-
sition, homogeneous point distribution, large extension of the measurement area, low cost, three-
dimensional survey). In this respect, the project BIFROST (Baseline Inferences for Rebound Ob-
servations, Sea Level, and Tectonics) has been based on the GPS technique and geophysical model-

ling, and has delivered a maximum height change rate (with respect to a geocentric reference ellip-



soid) of about 11 mm/year, cf. Milne et al. (2001); Johansson et al. (2002); Scherneck et al. (2003);
Lidberg et al. (2007).

In March 2002 the gravity satellite GRACE (Gravity Recovery And Climate Experiment) was
launched to measure the detailed stationary Earth's gravity field and its regional and large scale var-
iations with time. During the mission duration of GRACE (nearly eight years already), a temporal
geoid change of approximately 5 mm can be expected in the centre of the Fennoscandian land uplift
area, corresponding to a gravity change of about 160 nm/s? (= 16 uGal). This is a clear secular grav-
ity change on regional scale, and it is a challenging task to detect this signal from GRACE gravity
data most accurately (Wahr and Velicogna, 2003). Early results from Tapley et al. (2004) confirm
that this satellite mission is able to resolve geoid variations for a range of spatial scales down to 400
km for particular regions with large signals. They found that the error level in the 2003 solutions
was in the order of 2 to 3 mm for spatial features of about 600 km. Considering the large extension
of the land uplift area, Fennoscandia is a suitable application region for GRACE. Vice versa, the
temporal gravity field change can also be used for the validation of the GRACE results. Because the
observation of the rebound signal is interfered by mass variations due to oceanographic, land hy-
drology and atmospheric processes, these effects have to be accounted for in the GRACE data anal-
ysis with appropriate mathematical approaches (e.g. Wiehl et al., 2005). Hence, the combination

with other geological and geodetic measurements is inevitable.

2. Absolute Gravimetry

Besides the geometrical approaches, terrestrial absolute gravimetry is a further geodetic tech-
nique to study land uplift or subsidence. In general, it is applied as a complementary tool to the ge-
ometrical methods. The absolute measurements are most sensitive to height changes and provide an

obvious way to define and control the vertical height datum. No additional reference points (con-



nection points) at the Earth's surface are needed. Shortcomings of relative gravimetry, like calibra-
tion problems and deficiencies in the datum level definition, can be overcome. Both absolute and
relative gravimetry can measure gravity changes between two points. But only the absolute tech-
nique by itself solves the ambiguity problem whether both points are undergoing a decrease or in-
crease with different magnitudes, or one point experiences an increase and the other a decrease. In
addition, the accuracy of an absolute gravity net is independent of geographical extension and the
covered gravity range. Thus, applications on local, regional and global scales with a consistent
measurement quality are feasible. An independent verification of displacements measured geomet-
rically with GPS (Global Positioning System), VLBI (Very Long Baseline Interferometry) and SLR
(Satellite Laser Ranging) is possible. A combination of gravimetric and geometric measurements
may enable discrimination among subsurface mass movements associated with or without a surface
deformation.

The benefit of absolute gravimetry has already been exploited in different scientific projects. The
International Absolute Gravity Basestation Network (IAGBN) serves, among other purposes, for the
determination of large scale tectonic plate movements (Boedecker and Fritzer, 1986; Boedecker and
Flury, 1995). The recommendations of the Interunion Commission of the Lithosphere on Mean Sea
Level and Tides propose the regular implementation of absolute gravity measurements at coastal
points, 1-10 km away from tide gauges (Carter et al., 1989). The height differences between gravity
points and tide gauges have to be controlled by levelling or GPS. In Great Britain, the main tide
gauges are controlled by repeated absolute gravity determinations in combination with episodic or
continuous GPS measurements (Williams et al., 2001). Overall, absolute gravimetry can be an im-
portant research tool for studying geodynamic processes, especially land uplift effects due to post-
glacial rebound (PGR). Lambert et al. (1996) gives an overview of the capability of absolute gravity
measurements in determining the temporal variations in the Earth's gravity field. In Lambert et al.

(2001), the gravimetric results for the research of the Laurentide postglacial rebound in Canada are



described. Mékinen et al. (2007) compares observed gravity changes in Antarctica with modelled
predictions of the glacial isostatic adjustment as well as of the glacier mass balance.

In 2002, the Institut fir Erdmessung (IfE) of the Leibniz Universitdt Hannover has received a
new FG5 absolute gravity meter from Micro-g Solutions, Inc. (Erie, Colorado), which is a “state-of-
the-art” instrument. The absolute measurements are based on time and distance measurements along
the vertical to derive the gravity acceleration at a specific position on the Earth. The expression “ab-
solute” is based on the fact that the time and length standards (rubidium clock, helium-neon laser)
are incorporated as components of the gravimeter system. The FG5 series is presently the most
common gravimeter model, which may be considered as the successor system of the JILA genera-
tion (Carter et al., 1994; Niebauer et al., 1995). The influence of floor vibration and tilt on the opti-
cal path could largely be removed by the improved interferometer design. The iodine-stabilised la-
ser, serving as the primary length standard, is separated from the instrumental vibrations caused by
the free-fall experiments, by routing the laser light through a fibre optic cable to the interferometer
base; see Figure 2. During a free-fall experiment (drop), the trajectory of a test mass (optical retro-
reflector) is traced by laser interferometry over the falling distance of about 20 cm within an evacu-
ated chamber. The “co-falling” drag-free cart provides a molecular shield for the dropped object.
The multiple time-distance data pairs collected during the drop (FG5: 700 pairs at equally spaced
measuring positions) are adjusted to a fitting function, giving the gravity acceleration g for the ref-
erence height above floor level (FG5: ~1.2 m). For the reduction of local noise and other disturb-
ances, 1500—3000 computer controlled drops are performed per station determination. Generally,
the measurements are subdivided into sets of 50 or 100 drops each, and distributed over 1-3 days.
The result of a station determination is the average of all drops, reduced for gravity changes due to
Earth’s body and ocean tides, polar motion, and atmospheric mass movements. For more details,

readers may be referred to Timmen et al. (2008). A good overview about the principles of absolute



gravimetry is given, e.g., in Torge (1989) and Torge (1993). Van Camp et al. (2005) concentrate es-

pecially on long time series of absolute gravity measurements and the inherent uncertainties.

(Figure 2)

3. Project Realisation

To determine recent crustal deformations by absolute gravimetry, secular gravity changes should
be measured with a precision of about £5 nm/s2 per year. This can be achieved by annual measure-
ments over 5 to 10 years. To exploit absolute gravimetry in combination with GPS for a “pointwise”
validation of the GRACE results or to support the GRACE data evaluation by terrestrial gravimetry,
the temporal variations of gravity disturbances (or gravity anomalies) are needed in accordance with
the resolution of the GRACE data. Because of the long-wavelength nature of the GRACE results,
the terrestrial point results derived from absolute gravimetry have to be reduced for all local effects
changing gravity with time. In this connection, a severe problem is the subsurface water mass
movement (change of groundwater table, temporary water storage in clefts and crevasses). Such
impacts are partly considered by the station selection. Moreover, by measuring every year the abso-
lute gravity value at a station over a 5-year period, the impact of ground water variations is aver-
aged out to a large extent within the computation of the linear gravity rate. In addition, observations
of the ground water table in boreholes and in nearby wells during the absolute gravity surveys are
taken and used to assess the disturbing impact. Furthermore, a second favourable averaging effect
arises from deriving a spatial mean over a larger area with a few hundred of kilometres extension.
For that reason, and to allow the determination of an uplift model (mathematical surface model, like
in Fig. 1) with possible regional structures, a rather large number of stations have to be observed

every year over the whole Fennoscandian area.



A joint project for the annual gravimetric survey of the land uplift in Fennoscandia has been es-
tablished in 2003. The Working Group on Geodynamics of the Nordic Geodetic Commission
(NKG) serves as a platform to organise the project. Besides the IfE from Hannover (with the abso-
lute meter FG5-220), the following institutions are participating in the project: Department of
Mathematical Sciences and Technology, Norwegian University of Life Sciences (UMB, As, FG5-
226); Federal Agency for Cartography and Geodesy (BKG, Frankfurt/Germany, FG5-301); Finnish
Geodetic Institute (FGI, Masala, FG5-221); Norwegian Mapping Authority (Statens Kartverk/SK,
Hanefoss); Onsala Space Observatory (Chalmers University of Technology, Onsala/Sweden); Swe-
dish Mapping, Cadastre and Land Registration Authority (Lantmateriet/LM, Gavle, FG5-233);
Technical University of Denmark, National Space Institute (DTU Space, Copenhagen). FGI pro-
cured the new FG5-221 at the beginning of 2003, UMB the FG5-226 in spring 2004, and LM the
FG5-233 in autumn 2006. Nearly all absolute gravity sites are co-located with permanent GPS sta-
tions, and also tide gauges are in the vicinity of coastal stations. The gravity points, GPS stations
and tide gauges are connected locally, using terrestrial surveying techniques, like levelling, to con-
trol the local vertical variations. The employment of more than one absolute gravimeter allows sim-
ultaneous (parallel) observations in stations with two sites close to each other and control measure-
ments on identical sites. This strategy increases the network reliability and accuracy because it helps
to identify possible offsets of the instruments. To exclude uncertainties introduced by relative gra-
vimetry (e.g. via the measured vertical gravity gradient) into the absolute gravimetric results, the fi-
nal absolute values are all related to a common height at 1.200 m above the reference mark at floor
level, cf. Timmen (2003). The figures 3 and 4 show typical conditions for the absolute gravimetric

field work in Fennoscandia.

(Figure 3, Figure 4)



In Gitlein et al. (2008), a summary of the performed measurements from 2003 to 2008 is given.
Altogether, 46 different stations were occupied by the group of 5 participating absolute gravimeters.
E.g. in 2008, 33 gravity stations were surveyed at least once, and 11 stations were observed by two
or more absolute meters partly simultaneously. Figure 5 shows the stations occupied by the IfE gra-
vimeter FG5-220 in the period from 2003 to 2008. The IfE experts visited 34 different stations in
the uplift area with their instrument and performed 84 gravimetric station determinations (2003: 16

stations, 2004: 16, 2005: 15, 2006: 12, 2007: 15, and 2008: 10).

(Figure 5)

4. Measurement Accuracy and its Control

The manufacturer of the FG5-system performed an error budget analysis to determine the single
instrumental uncertainty contributions through calculations and measurements of known physical
effects. In Niebauer et al. (1995) a total uncertainty of 11 nm/s? is obtained from the FG5 instru-
mental error budget. To assess the accuracy of the Hannover absolute gravimeter from the user
point of view, the measurement experiences with FG5-220 are used to derive an empirical accuracy
estimate. The accuracy and stability have been continuously controlled by comparisons with other
absolute gravity meters, and with repeated measurements in several stations after time intervals of
some months to a few years. A rigorous control of the absolute accuracy with respect to a “true”
gravity value at the moment of an absolute gravity measurement is not possible. The real g-value
with a superior accuracy is not known, and a “standard” absolute gravimeter which is superior to the
state-of-the-art FG5 meters does not exist. Therefore, the empirical accuracy estimate has to be un-

derstood as describing the agreement of the instrument’s measuring level and its time stability with



regard to the international absolute gravity datum definition. Here, the international datum is de-
fined by the physical standards (time and length) and, in addition, as the average result obtained
from all operational absolute gravimeters participating in the international comparison campaigns.
Since the 1980s, International Comparisons of Absolute Gravimeters (ICAG) are performed at
the Bureau International des Poids et Mésures (BIPM) in Sévres, and since 2003, with a 4-years’
time interval, also at the European Centre of Geodynamics and Seismology (ECGS) in Walferdan-
ge, Luxembourg. For the gravimeter FG5-220 of IfE, Table 1 gives the result from the international
comparisons in Walferdange 2003 and 2007 (external comparisons, Francis and van Dam, 2006;
Francis et al., 2010), and FG5-220 reference measurements in Bad Homburg (station of BKG, Wil-
mes and Falk, 2006) from 2003 to 2008. Within 20 nm/s2, the Hannover FG5 instrument agrees
with the internationally realised measuring level. With respect to the FG5-220 observations in Bad
Homburg, it has to be mentioned that the differences between the single epochs also contain real
gravity changes due to time-varying environmental effects like seasonal hydrological variations. As
shown in Table 1, the six stations determinations agree very well, better than expected from empiri-
cal estimates, with a mean scatter of 11 nm/s2 only (root-mean-square difference, r.m.s.). An in-
strumental instability cannot be identified. Similar experiences are also gained from the yearly repe-
tition surveys and from the comparisons with the other FG5 absolute gravimeters involved in the
Nordic absolute gravity project, to determine the Fennoscandian land uplift, cf. Timmen et al.

(2006) and Bilker-Koivula et al. (2008).

(Table 1)

The results from parallel measurements in the Fennoscandian land uplift area are summarized in

Table 2. It compares observations of FG5-220 with other meters participating in the Nordic absolute

gravity project since 2003 (Gitlein, 2009). Such measurements are normally performed by simulta-
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neous registrations with two gravimeters at adjacent piers during one day (see Figure 6), and swap-

ping the places on the next day to start the parallel measurements again.

(Table 2)

(Figure 6)

The overall discrepancy (r.m.s.) of the comparisons is 23 nm/s2 which proves the high accuracy
of the absolute gravimetric survey of Fennoscandia. The mean values show that no significant offset
of the IfE instrument exists in comparison with the other four absolute gravimeters. Considering
that the discrepancies in Table 2 are caused each time by both of the participating gravimeters, an
instrumental precision of better than 20 nm/s2 can be assumed for a single gravimeter. The Hanno-
ver group estimates a mean absolute accuracy for their FG5-220 to be about 30 nm/s2. This empiri-
cal estimate incorporates:

e instrumental errors, e.g. due to instrumental vibrations or laser instabilities;
e gravitational “noise” due to incomplete modelling and reduction of gravity variations with time

(Earth’s body and ocean tides, polar motion, atmospheric mass movements).

5. Gravity Changes in Fennoscandia

Repeated observations with the FG5-220 from IfE were performed at 10 stations in Fennoscandia
nearly every year from 2003 to 2008. From these results, linear gravity changes were calculated for
each station (Gitlein, 2009). Table 3 summarizes the observational gravity trends and the compari-
son with the predicted rates of the glacial rebound model provided by Klemann (2004). The trends

for three stations are presented exemplarily in Figure 7. All station determinations of the sum-
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mer/autumn campaign 2003 have not been taken into account because the gravity values seem to be
systematically too low by 50 to 90 nm/s? compared to the following years. This effect can only part-
ly be explained by a possible instrumental offset, cf. section 4. A real gravity decline is assumed
and should be connected to the very dry season in northern Europe. E.g. in northern Germany, both
IfE reference stations, Hannover (IfE laboratory, based on glacial sediments) as well as Clausthal
(Institut fir Geophysik, TU Clausthal, Harz Mountains, bedrock), show a strong decline of the ob-
served gravity values from February to November 2003. In Clausthal the observed gravity accelera-
tion decreased by about 50 nm/s2 and in Hannover by 100 nm/s2 (Timmen et al., 2008). The moni-
toring of the groundwater table in Hannover confirmed the large seasonal gravity variation (correla-

tion 90%). A similar effect in Fennoscandia cannot be excluded.

(Table 3)

(Figure 7)

From Table 3, a decrease in gravity due to land uplift is evident at almost all stations. The largest
gravity changes were found around the uplift centre as depicted in Figure 1. In Copenhagen, close
to the zero uplift line, the obtained gravity rate is nearly zero. Overall, the regional rebound signal is
clearly visible, but still seems to be disturbed by environmental mass variations, e.g. at station Vaa-
sa AB. From the experiences over the last 5 years, the hydrological changes are considered as a
main contributor, which is also indicated by the water level observations of the reservoirs and wells
close to some of the absolute stations. The largest discrepancy to the predicted results has been
found for station Onsala. The measurements do not indicate land uplift. Up to now, this is not un-
derstood. Looking into literature, Haas et al. (1997) found larger discrepancies for the coastal sta-

tion Onsala when determining atmospheric loading parameters from geodetic VLBI data. They sus-
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pect not-modelled effects due to wind driven ocean loading as a possible reason. The absolute grav-
imetric time series has to be extended.

Overall, the observational trends from FG-220 are in a good agreement with the predicted results.
The obtained standard deviations seem to be realistic estimates for the accuracy of the deduced sec-
ular gravity changes. The disturbances caused by unaccounted hydrological effects are cancelled out
in the trends to some extent due to the annual gravity measurements. Thus, absolute gravimetry has
shown its capability to observe the Fennoscandian land uplift within the rather short time span of

4-5 years.

6. Ratio between Observational Gravity and Height Rates

Jachens (1978) gives an introduction and an overview about the relationship of observed tem-
poral gravity variations and elevation changes for a fixed point on the Earth’s surface. In tectonical-

ly active areas like Fennoscandia with a still ongoing postglacial rebound (PGR), the ratio between
gravity rate and height rate g/h depends on two contributing factors: (1) vertical displacement of

the observation point along the free-air gravity gradient, and (2) temporal variation of the density
distribution of materials in the subsurface. The combination of geometrical and gravimetrical obser-
vations may help to separate the effects of both contributors and can serve as an observational con-
straint for geophysical research on the mechanism of crust formation and on the rheology of Earth’s
mantle and crust. From a simple theoretical contemplation, a ratio of —1.7 nm/s2 per mm is obtained
when assuming a free-air gradient (1) of —3.1 nm/s?> per mm for the vertical surface displacement
and an ongoing mass increase with density 3300 kg/m?® in the upper mantle (Bouguer plate approx-
imation) which yields an effect (2) of 1.4 nm/s? per mm for the variation in the density field.

As an approximation, Wahr et al. (1995) provide a ratio (or proportionality factor) of —1.5 nm/s?

per mm for a postglacial rebound signal. The authors assumed a free-air gradient (1) of —3 nm/s? per
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mm for the surface shift and derived from theoretical considerations a relation (2) of 0.65 mm per
nm/s? (= 1.5 nm/s? per mm) for a viscoelastic response of the solid Earth to a surface load (Maxwell
solid). In Mékinen et al. (2005), the results from relative gravimetry surveys of the Nordic land up-
lift lines (east-west profiles) have been combined with various estimates of the uplift (levelling,
continuous GPS, GIA models), which gives ratios between —1.6 and —2.0 nm/s? per mm.

Table 4 contains gravimetric trends measured by IfE together with BIFROST GPS height rates as
published by Lidberg et al. (2007). Both kind of temporal variations have been merged to derive the
proportionality factor between gravity and height rate for the single stations. Only the eight sites
with a clear uplift signal have been considered. Assuming a geographically constant ratio for Fen-
noscandia an average value of —1.63 nm/s2 per mm (+0.20) is obtained as a weighted mean. This re-
sult is in a good agreement with the estimates given in Méakinen et al. (2005), and with the approxi-

mation provided by Wahr et al. (1995).

(Table 4)

7. Summary and Conclusions

With respect to the FG5-220 absolute gravity surveys since 2003, the achievements in Fen-
noscandian land uplift area may be described as follows:

o the whole uplift network includes more than 40 absolute gravity stations mostly co-located with
permanent GPS points. From 2003 to 2008, the IfE absolute gravimetry team performed 84 gravi-
ty determinations at 34 different stations;

o the results from the IfE absolute gravimeter FG5-220 have been compared with results from in-
ternational comparisons, and from other in the Fennoscandia uplift project participating instru-

ments, as well as with results from repetition measurements at the German reference station in
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Bad Homburg. An overall accuracy of approximately +30 nm/s? is indicated for a single station
determination with FG5-220. This empirical estimate includes not only the instrumental errors but
also residual errors from uncertain reduction models (tides, polar motion, and atmospheric mass
movements). Subsurface water variations may cause gravity changes of a few times 10 nm/s? or
even more than 100 nm/s2 at some special stations over a year which is not considered in the giv-
en accuracy estimate;

¢ a check of the instruments by parallel and reference measurements is essential. Especially for pro-
jects with highest accuracy demands over large areas, e.g. the Nordic Absolute Gravity Project,
more than one absolute gravimeter should be employed to increase the reliability of the results
and to detect instrumental offsets. This procedure improves the absolute accuracy of the whole
network;

¢ based on comparisons with predicted rates from geophysical modelling, the FG5-220 absolute
gravity measurements 2003/2004—2008 delivered reasonable and reliable gravity trends and accu-
racy estimates. The predicted rates and the observational trends agree within 3.8 nm/s2 per year

(r.m.s. difference);
e a mean proportionality factor g/h = 1.63 nm/s2 per mm (+0.20) has been deduced from gravi-

metric and GPS observations. The result agrees well with the assumption of a Bouguer plate ap-
proximation with a mass increase (~3300 kg/m®) in the upper mantle;

e absolute gravimetry has shown its capability to observe the secular gravity variations in the Fen-

noscandian PGR area within a time span of 4 to 5 years.
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Figure 1

Map of the postglacial uplift of Fennoscandia in mm/year after Agren and Svensson (2007) derived
from model NKG2005LU, courtesy of Agren. The dots indicate the positions of gravity stations of

the Nordic absolute gravity project.
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Figure 2
Schematic diagram of the FG5 absolute gravimeter,
after Micro-g Solutions Inc. (1999), courtesy of Mi-

cro-g Lacoste, Inc.
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Figure 3
Station Skellefted (Sweden) with an absolute gravity pier inside and a

temperature stabilised pillar for continuous GPS outside.
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Figure 4

Absolute gravimeter FG5-220 of IfE installed at station

Ostersund.
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Figure 5

Absolute gravity stations in the Fennoscandian land uplift area occupied by the IfE

gravimeter FG5-220 in the period from 2003 to 2008.
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Table 1

FG5-220 absolute gravimeter controlled by external (international) and internal (repetition) comparisons to secure

consistent long-term measurement accuracy.

FG5-220 External Remarks Epoch Ag [nm/s?]
Comparison (FG5-220 — Mean g)
ICAG2003, ECGS 13 abs. meters, Nov. 2003 -19
(Francis and van 14 points, std.dev. (single meter) 18
Dam, 2006, Tab. 16) | 52 determinations
ICAG2007, ECGS 19 abs. meters, Nov. 2007 +24
(Francis et al., 2010, | 16 points, std.dev. (single meter) 20
Tab. 3) 73 determinations
FG5-220 Internal Remarks Epoch Ag (FG5-220) [nm/s?]
Comparison (Single — Mean g)
Bad Homburg (gra- | Reference station for Feb. 2003 +9
vimetry lab. of FG5-220 since 2003, Nov. 2003 —8
BKG, Wilmes and point BA Apr. 2005 +12
Falk, 2006) Apr. 2006 +7
Nov. 2007 +2
Sep. 2008 -21
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Figure 6

Parallel measurements with FG5-220 (IfE) and FG5-221 (FGI) at

station Metsahovi in Finland.
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Table 2

Gravity discrepancies in nm/s? from parallel measurements of FG5-220

with other FG5 meters participating in the Nordic absolute gravity project:

FG5-101/301 (BKG), FG5-221 (FGI), FG5-226 (UMB).

Bad Homburg Metséhovi Onsala Vaasa
Feb 2003 12| Aug03 -10| Oct04 -5| Aug03, AA 29
Nov 2003 37 | May 04 19| Oct04 9| Aug03,AB -30
Apr 2005 —26 | May 05 18 | Oct 05 34 | May 04, AB 2
Apr 2006 13 | Aug 05 42 | Oct06 29
Nov 2007 7| Aug06 -—14
Sep 2008 —19 | Jul07 22

mean [nm/s?] 4 13 17 -19

r.m.s. 21 23 23 24

29




VaasaAB

[nm/s?]

=90 dgldtups grav, e = ~12£ 8 nmis?peryear 'S
— + = dg/dtgeophys. mod. = —14 NM/s? per year :
-100 i i L L
2002 2003 2004 2005 2006 2007 2008 2009 2010
Kramfors
50
%
s i
&
-50 _ . : e
dgldtpps grav., ire = =14 * 3 nm/s? per year - : ~
— » = dg/dtgeophys. moa. = —16 NmM/s? per year :
-100 i | i L

2002 2003 2004 2005 2006 2007 2008 2009 2010

Copenhagen Vestvolden

=0 ! ! ! ! ! ! !
%o
g O fases o = ummasn s = // [N N S |
E [ Tt -8 _____________
(@)
-50 L ' U ISR ST ]
dgldtap grav., iie = 2 £ 6 Nm/s? per year
— + = dgl/dtgeophys. mod. = —2 NM/sS? per year : :
-100 i i i i

2002 2003 2004 2005 2006 2007 2008 2009 2010

Figure 7
Linear gravity changes for three stations in Fennoscandia derived from absolute gravity measurements of
IfE and compared with the trends from the model predictions provided by Klemann (2004). The grey lines

beside the IfE trends indicate the standard deviation of the corresponding trend line.
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Table 3

Comparison of gravity trends in Fennoscandia derived from IfE absolute gravity measurements

AG (n: number of gravity determinations) and from the geophysical model predictions provid-

ed by Klemann (2004). The standard deviations (1-o estimates) of the observational trends

have been calculated from the single gravity determinations (equally weighted). Both results

agree well with respect to the AG accuracy estimate.

Station AG (FG5-220) Geophys. model Difference
[nm/s2/year] n [nm/s?/year] [nm/s?/year]
Arjeplog -8.7 124 4 -11.6 2.9
Copenhagen 1.9 +5.7 6 -1.9 3.8
Kiruna -11.3 #11.0 4 -9.7 -1.6
Kramfors -14.4 2.7 5 -15.8 1.4
Martsbo -15.6 +3.8 5 -11.7 -39
Metsahovi -8.8 52 7 7.4 -1.4
Onsala 5.0 +5.7 6 —4.2 9.2
Ostersund -14.8 £10.8 5 -12.5 -2.3
Skellefted -188 338 5 -16.6 -2.2
Vaasa AB -12.2 %78 5 -14.4 2.2
mean diff. 0.8
r.m.s. diff. 3.8
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Table 4

Proportionality factor ¢/h from gravity and height rate. The BIFROST GPS

results are from Lidberg et al. (2007). For the weighted mean and its accuracy,

the standard deviations in the last column are used as weights.

Station dg/dt (abs.grav.) | dh/dt (BIFROST) g/h

[nm/s?/year] [mml/year] [nm/s2/mm]
Arjeplog —8.7+2.4 7.7+0.2 -1.14 £0.31
Kiruna -11.3 £11.0 6.4 0.3 -1.78 £1.72
Kramfors —-14.4 2.7 10.2 £0.5 —1.41 £0.27
Martsbo -15.6 3.9 6.7 £0.2 —2.32 +0.59
Metsahovi —8.8+5.2 4.3+0.2 -2.07 £1.21
Ostersund -14.8£10.8 8.3 0.2 -1.79 £1.30
Skelleftea -18.8+3.8 9.6 +0.2 —1.95 +£0.40
Vaasa AB -12.2+7.8 8.6 £0.2 -1.41 £0.91
mean (unweighted) -1.730.14
mean (weighted) -1.63 £0.20
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