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Abstract
The establishment of a national gravity standard based on international metrological standards is a high priority for the
Estoniangeodetic, geophysical, andmetrological community.With the presently available gravimetric instruments andmodels,
geoscientific research at the level of 10−9 g is possible and requires a homogeneous performance of the definition of gravity
standards and of measurements of gravity values at the regional to global scale. From 1995 to 2017, five absolute gravimetric
measurement campaigns have been carried out to determine the absolute value of gravity acceleration at all of the seven
Estonian gravity network points by deploying JILAg, FG5, and FG5X gravimeters. In this study, the absolute gravity (AG)
data were collected and reprocessed to unify the corrections due to local vertical gravity gradient, the self-attraction, and
diffraction of the absolute gravimeter. The full set of gravity observations was used to estimate the rates of secular gravity
change on the periphery of the Fennoscandian postglacial rebound area, which is continuously deforming due to the glacial
isostatic adjustment (GIA). The observed gravity rates, which have been estimated using a linear regression model, differ
from the gravity rates that are derived from the vertical velocities of the continuous Global Navigation Satellite System
(GNSS) stations and the land uplift model NKG2016LU of the Nordic Commission of Geodesy (NKG) for northern Europe.
These differences could be the effect of an insufficient amount of data, seasonal, and inter-annual variation in the hydrology
on the observed gravity rates, and the offsets of gravimeters. The discrepancies, nevertheless, are within the uncertainties
of observed and derived gravity rates. Similarly, an estimated slope of a linear relation between observed gravity rates and
vertical velocities is consistent with a GIA model prediction. The effect of possible offsets of gravimeters on Estonian AG
data was corrected, based on the results of international comparisons of absolute gravimeters, as well as the regional analysis
of Finnish AG data. The linear regression with corrected data did not improve the fit with the rates that were based on vertical
velocities. Further, the linear relation between observed gravity and uplift rates deviated more from the GIA prediction.
Therefore, our results did not confirm the positive effect of gravimeter offset correction. However, in order to potentially
obtain conclusions that are more solid, the absolute gravity measurements should be continued in Estonia to combine longer
and denser gravity time series with the modelling of environmental effects (e.g. regional hydrology, the loading of Baltic
Sea). This would allow to improve the accuracy of the national gravity frame and observed gravity rates which, in turn, would
support the establishment and extension of the International Gravity Reference Frame (IGRF) in the Nordic–Baltic region by
following the internationally agreed rules and recommendations of the new global gravity standard.
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1 Introduction

Over the last half century, the absolute value g of gravity
acceleration g (the l2 norm g = ‖g‖ of vector g along the
local vertical) on the Earth’s surface has been determined
by using ballistic absolute gravimeters on the basis of laser
interferometry. The accuracy of absolute gravity (AG) deter-
minations with free-fall gravimeters has evolved from an
uncertainty of a few hundred nm/s2 to a greater accuracy of
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about 20 nm/s2 for contemporary instruments (Torge 1989;
Wilmes et al. 2016).

Since the 1990s, the establishment of a fundamental
national gravity standard, basedon internationalmetrological
standards, has been a high priority for the Estonian geodetic,
geophysical, and metrological community. Given the rapid
progress in absolute gravimetry starting in the 1970s, new
national gravity networks are not referred to legacy refer-
ence systems such as international gravity standards (first
the Potsdam System and then the International Gravity Stan-
dardization Net 1971) but are established independently of
such systems by using absolute gravimetry. The interna-
tional comparisons of absolute gravimeters then guarantee
the metrological quality of the patchwork that is thus cre-
ated. With the presently available gravimetric instruments
and models for tidal and atmospheric corrections, geoscien-
tific research at the level of 10−9 g is possible and requires
a homogeneous performance of the definition of gravity
standards and of measurements of g-values at the regional,
continental, and global scale. As a straightforward approach,
the Estonian gravity standard would support the establish-
ment of the International Gravity Reference Frame (IGRF)
in the Nordic–Baltic region by following the internationally
agreed rules and recommendations of the new global gravity
standard, see, e.g. Wziontek et al. (2021). This will allow to
monitor and study the postglacial rebound in Estonia with a
long-term stable global reference.

In Estonia, the first absolute gravity determination by a
free-fall gravimeter was performed in 1975, when the coun-
try was still part of the Union of Soviet Socialist Republics
(USSR). A special reference point of the USSR gravity net-
workwith amassive concrete pier was constructed in Tallinn,
the capital of Estonia (Sildvee 1998; Ellmann et al. 2009).
The ballisticGABLgravimeter of the Institute ofAutomation
and Electrometry of the Siberian Branch (USSRAcademy of
Sciences) was used to determine gravity accelerations with
a standard uncertainty of 250 nm/s2 (Arnautov et al. 1977).
Today, this campaign and its results are of historical inter-
est only. This is because not all of the necessary information
about the measurements and results (e.g. the exact location
of gravimeter, determined gravity value) are known, which
is probably due to the confidentiality restrictions on gravity
determinations in the USSR at that time (Oja 2007). Differ-
ent AG values for the Tallinn site can be found from research
by Sildvee (1998) but to date the original sources of these
values are unconfirmed (Oja 2007).

After the restored independence of Estonia in 1991, the
restrictions on gravimetric results were lifted and since
then new AG measurements have been undertaken to
establish the nationwide gravity reference frame (Sildvee
1998; Oja 2012). More AG campaigns have been repeated
as a result of the international cooperation between the
Northern European countries (coordinated by the Nordic

Geodetic Commission—NKG) to monitor geodynamic sig-
nal due to the glacial isostatic adjustment (GIA) in Northern
Europe (Timmen et al. 2006, 2012; Bilker-Koivula et al.
2008, 2015; Olsson et al. 2019).

This study focuses on all AG sites that were occupied
and measurements that were taken in Estonia from 1995 to
2017, with the aim of reprocessing observation data, and
compiling and analysingAGdata for estimating secular grav-
ity changes. It extends the information found in the joint
Nordic–Baltic AGpaper of Olsson et al. (2019) by increasing
the number of Estonian AG sites, re-evaluating the verti-
cal gravity gradient, and extending the AG data series with
new measurements in 2017. The fitted gravity rates are com-
pared with the rates derived from the vertical velocities of the
permanent Global Navigation Satellite System (pGNSS) sta-
tions, and the Nordic–Baltic land uplift model NKG2016LU.
Similar to the previous studies (see, e.g. Olsson et al. 2016;
Smith 2018; Bilker-Koivula et al. 2021), the AG data are
also corrected for the offsets of absolute gravimeters based
on the results of international, regional, and local compar-
isons. The effect of corrected offsets on fitted gravity rates is
evaluated by comparing the fitting results with the output of
the NKG2016LU and GIA models.

2 Land uplift and gravity change

According to the regional land uplift model NKG2016LU
(Vestøl et al. 2019) and the relation between uplift rates ḣ
and gravity rates ġ found by Olsson et al. (2015), values
from −0.5 to −6 nm/s2 per yr for ġ can be predicted over
the Estonian territory (Fig. 1).

The model NKG2016LU resulted from a joint NKG
cooperation project of Nordic and Baltic countries and was
released in 2016 (Vestøl et al. 2016). The NKG2016LU com-
bines the geodetic data with the geophysical GIA model (see
Steffen et al. 2016) by using the least squares collocation
(LSC) method (Vestøl et al. 2019). The geodetic data consist
of the radial velocities and uncertainties of pGNSS sta-
tions in the International Terrestrial Reference Frame 2008
(ITRF2008) and repeated levelling data.

The uplift velocities of five Estonian pGNSS stations
(SUR4, TOIL, TOR2, AUDR, KURE) that were used in
the modelling were estimated from the analysis of 3D posi-
tion time series (Kierulf et al. 2014; Vestøl et al. 2019).
The repeated levelling data of the Estonian height net-
work that were used in the compilation of NKG2016LU
have been reviewed by Kall et al. (2014). Accordingly, the
NKG2016LU model in Estonia has been constrained rather
wellwith precise geodetic data. TheNKG2016LUuplift rates
for Estonian AG sites are given in Table 1.

The NKG land uplift model is comprised of two versions:
(1) NKG2016LU_lev relative to the geoid surface as mea-

123



Absolute gravity observations in Estonia from 1995 to 2017 Page 3 of 16 131

5˚
10˚ 15˚ 20˚ 25˚

30˚
35˚

55˚

60˚

65˚

70˚

−1
6

−1
6

−−

−14

−−14

−1
4

−12

−1
21212122222−12

−1
2

−10

−1
0

−1
0100−1
01

−1010−10

−1
0

−

−101−1

−8−8−888888

−88−8

−8

−8

−8−8−8−888

−66666

−
6

−6−66

−6

−66

−6−6−6−6

−4−4−

−44

−4

−4−4

−2−2−222

22−2

−2−2−2−22

−2−2

00

000

00

00

2

Fig. 1 Contour lines presenting secular gravity change ġ
[nm/s2 per yr] in Northern Europe from the land uplift model
NKG2016LU_abs (Vestøl et al. 2019) and from the modelled relation
between gravity rates and vertical rates by Olsson et al. (2015), see
Eq. (1). Absolute gravity sites in Estonia are depicted by blue squares

sured by levelling, and (2) NKG2016LU_abs relative to the
ITRF2008 as observed by GNSS. Out of the two models, the
latter is used in the sequel, as it provides the absolute land
uplift which is useful in comparison with observed gravity
rates relative to the mass centre of the Earth system (CM),
including the solid earth, oceans, and atmosphere. Another
beneficial component of the NKG2016LU model is a land
uplift uncertainty grid which is estimated from the propaga-
tion of uncertainties of input observation data and the GIA
model through the least squares collocation method (Vestøl
et al. 2019).

The conversion of the NKG2016LU_abs land uplift ḣlu
values (with unit mm/yr) to the gravity rate of change ġlu
(nm/s2 per yr) was performed by using

ġlu = ġ0 + Cḣlu, (1)

where the parameters ġ0 = 0.3 nm/s2 per yr and C = −1.63
nm/s2 per mm were derived from the geophysical GIA mod-
elling in Fennoscandia (Olsson et al. 2015) and describes the
relationship between ġ and ḣ. It is noteworthy that a similar
conversion of NKG2016LU_abs to the gravity rate model,
named as NKG2016LU_gdot by Olsson et al. (2019), was
undertaken without the constant term in Eq. (1). However,
for practical purposes, Eq. (1) with or Eq. (1) without con-
stant term are identical.

The uncertainty of gravity rate predicted from the
NKG2016LU_abs through Eq. (1) can be estimated by

u(ġlu) =
√
u2(C)ḣ2lu + u2(ḣlu)C2, (2)

where u(ḣlu) is computed from the aforementioned
NKG2016LU uncertainty model. The component u(C) in
Eq. (1) was estimated to be ±0.10 nm/s2 per mm. We deter-
mined this estimate by analysing the variability of C values
over the thousands of GIA model predictions made by Stef-
fen et al. (2018). This uncertainty is slightly smaller than the
value of ±0.16 nm/s2 per mm that was used by Olsson et al.
(2019).

The last term in Eq. (2) is further expanded

uc(ḣlu) =
√
u2(ḣlu) + u2(ḣITRF08) ≈

√
u2(ḣlu) + (0.58)2

(3)

to include the uncertainties due to the drifting scale
(±0.3mm/yr) and origin (±0.5mm/yr) of the terrestrial ref-
erence frame ITRF2008, in accordance to Collilieux et al.
(2014).

In addition to the uplift rates ḣlu from the model
NKG2016LU, we will use observed uplift rates ḣgnss at
pGNSS stations (Sect. 3). The prediction of gravity rates
ġgnss from ḣgnss is made with the constants of Eq. (1). Sim-
ilarly, change subscripts “lu” to “gnss” in Eq. (2) to obtain
the uncertainty u(ġgnss) of ġgnss from ḣgnss and its uncer-
tainty u(ḣgnss). Finally, since the ḣgnss in Sect. 3 refers to
ITRF2008, the uncertainty expansion of Eq. (3) is valid for
ḣgnss as well. The ġlu and u(ġlu) together with the ġgnss and
u(ġgnss) from the preferredGNSS solution (Sect. 3) are given
in Table 5.

3 Absolute gravity stations

In 1994, three indoor gravimetric points (Kuressaare, Suu-
rupi, and Tõravere) were established and secured with
subsurface concrete piers that are insulated from a ground
floor with 1.2× 1.2m surface size and up to a few metres of
depth, cf. Fig. 2. In 2007, four additional indoor piers with
similar construction were built in the public schoolhouses
in Audru, Haanja, Lauka, and Toila. The massive piers are
based on either limestone bedrock (Suurupi, Kuressaare, and
Toila) or the layers of Quaternary deposits (Audru, Haanja,
Lauka, and Tõravere on moraines) that are common in Esto-
nia and provide stability for AG measurements. Every AG
point has a metal benchmark (BM) in the middle of the pier
surface to centre theAG instrument and tomake the reference
point available for relative gravity measurements and height
determination. These BMs of AG sites were connected to the
national height network by applying precise levelling during
the period of 2013–2014 (Oja 2019). The seven AG points,
altogether, establish the Estonian first-order (I order) gravity
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Table 1 Coordinates and
normal height H of the Estonian
first-order gravity network
points in the national geodetic
system EUREF-EST97 (on
GRS80 ellipsoid) and height
system EH2000 (Estonian
Ministry of Environment 2017)

Station Lat(◦) Long(◦) H (m) ḣgnss ḣlu

ID Name EUREF-EST97 EH2000 ITRF2008 (mm/yr)

80001 Kuressaare 58.2519 22.4851 4.61 2.45 ± 0.09 2.61 ± 0.18

80002 Suurupi 59.4636 24.3803 43.55 3.30 ± 0.17 3.40 ± 0.19

80003 Tõravere 58.2643 26.4633 71.96 0.99 ± 0.22 1.33 ± 0.19

80701 Audru 58.4222 24.3136 10.04 2.32 ± 0.09 2.09 ± 0.18

80702 Haanja 57.7217 27.0508 245.47 0.54 ± 0.15a 0.66 ± 0.24

80703 Lauka 58.9625 22.5234 6.15 – b 3.63 ± 0.18

80704 Toila 59.4223 27.5363 36.47 2.26 ± 0.09 2.16 ± 0.19

The vertical velocities ḣgnss and ḣlu of gravity points (in ITRF2008) are computed from co-located or nearby
pGNSS stations and NKG2016LU_abs, respectively
aThe value is estimated as the arithmetic mean of vertical velocities of the two nearest pGNSS stations
bThe value is not given due to the outlier velocity of the nearest pGNSS station that differs significantly from
NKG2016LU_abs

network that is suitable for high precision gravity determi-
nation (Fig. 3).

The NKG2016LU_abs model predictions and the uplift
rates of the nearest pGNSS stations (shown in Fig. 3) together
with Eq. (1) were used for the estimation of secular gravity
change at gravity points. The gravity points in Audru, Suu-
rupi, Toila, andTõravere are co-located (within a fewhundred
m) with pGNSS reference stations AUDR, SUR4, TOIL,
TOR2, respectively. Three of the stations (SUR4, TOIL,
TOR2) belong to the EUREF Permanent GNSS Network—
EPN (http://www.epncb.oma.be). The other pGNSS stations
are part of the nationwide ESTPos, a network of the Estonian
GNSS-RTK, operated by the Estonian Land Board (Metsar
et al. 2018). For the Kuressaare AG site, the distance to the
nearest pGNSS station is about 1.5km (EPN station KURE).
For Lauka and Haanja, the distance to the nearest ESTPos
stations is 11.8km (KARD) and 13.5km (VOR2), respec-
tively.

One of the latest velocity solutions of Estonian pGNSS
stations was presented by Kall et al. (2019). Their solution
was computed using a precise point positioning method in
the ITRF2008 which was based on the daily series of coor-
dinates observed from 2008 to 2016. Different regression
and noise models were tested to estimate the velocities of
pGNSS stations and their uncertainties. The land uplift rates
of pGNSS stations in Table 1 were selected from the velocity
solution “Gipsy + Hector IQ2.2” which was computed using
the generalized Gauss–Markov noise model; for more details
see Kall et al. (2019).

The uplift rate of the Haanja AG site was estimated
as the arithmetic mean of vertical velocities of the two
nearest pGNSS stations VOR2 (to the NW direction) with
ḣgnss = 0.83 ± 0.27mm/yr, and MISS (17km to SE) with
ḣgnss = 0.24 ± 0.12mm/yr. MISS pGNSS station, which is
operated by a private company, was included to the analysis
of Kall et al. (2019). It is noteworthy that Haanja station lies

approximately in themiddle of a line connecting two adjacent
GNSS stations, which in turn is perpendicular to the contour
lines of the land uplift. Such a distribution of data points
ensures the reliable interpolation of the GNSS-based uplift
rate in Haanja. Further, the estimated rate is also consistent
with the NKG2016LU_abs (Table 1). For the Lauka station,
theGNSS-baseduplift ratewas not estimated.UnlikeHaanja,
Lauka is not surrounded by several pGNSS stations. Also,
the rate ḣgnss = 2.56 ± 0.19mm/yr estimated for KARD,
the nearest GNSS station, deviates more than 1mm/yr from
the NKG2016LU_abs prediction. This seems to be an outlier
and thus it is unusable in the following analysis.

The GNSS-based uplift rates ḣgnss are consistent with the
predicted rates ḣlu of NKG2016LU_abs, as their average
discrepancy at AG stations is only 0.07 ± 0.18mm/yr. For
the gravity stations Kuressaare and Haanja, which are not
co-located with pGNSS stations, the average discrepancy is
0.14mm/yr which is also insignificantly small and refers to
the reliability and usability of their GNSS-based velocity val-
ues. The coordinates and height values in Table 1 are given
in the Estonian geodetic system (Estonian Ministry of Envi-
ronment 2017).

3.1 Vertical gradient of gravity

At AG stations, the reduction of the gravity value along the
local vertical (or the plumb line) from the observation height
to the reference height level or to the BM level is needed
for, e.g. the comparison of AG results or the relative gravity
connections between AG stations and lower-order gravity
networks, respectively.

The gravity differences along the vertical above the bench-
mark of Estonian AG stations were repeatedly observed by
the operators of the Finnish Geospatial Research Institute
(FGI), the Leibniz University Hannover (LUH), and the
Estonian Land Board (ELB) by using Lacoste&Romberg
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Fig. 2 3D projection of the
Suurupi pillar (left) and
photograph of the FG5X#221
gravimeter on the same pillar in
2017 (right). The complex shape
of the pillar is due to the
subsurface massive rock
(probably, a glacial erratic
boulder)

Fig. 3 First-order (I order)
points of the gravity network
which are suitable for precise
AG determination with
co-located or nearby continuous
GNSS stations in Estonia. Main
roads, cities in Estonia, and ġ
contours (unit nm/s2 per yr)
based on the NKG2016LU_abs
model and Eq. (1) are shown in
the background
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(LCR G-600) and Scintrex CG3/CG5 AUTOGRAV TM
(CG-3#4492, CG-5#36, CG-5#10052 and CG-5#10092) rel-
ative gravimeters from1995 to 2017 (FGI2003;Gitlein 2009;
Oja et al. 2009).

In every station, the gravity differences between 3 or more
height levels were measured with the aim to detect nonlinear

gravity changes along the vertical. A second-degree polyno-
mial model was used to approximate gravity as a function of
height z:
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Table 2 Polynomial approximation of gravity above the station BM
along the local vertical

Station a b Corr[a, b] Obs.
nm/s2m nm/s2m2 n

Kuressaare −3580 ± 14 119 ± 10 −0.992 36

Suurupi −3265 ± 16 68 ± 12 −0.994 18

Tõravere −2751 ± 34 45 ± 25 −0.987 6

Audru −2961 ± 57 49 ± 41 −0.996 11

Haanja −2885 ± 30 64 ± 21 −0.995 14

Lauka −2973 ± 19 −40 ± 14 −0.995 5

Toila −2928 ± 53 −20 ± 37 −0.998 5

The coefficients a and b, their uncertainties u(a), u(b) and correlation
Corr[a, b] have been estimated by fitting the function Eq. (5) to the n
observed gravity differences in the WLS adjustment

g(z) = az + bz2. (4)

The gravity difference between two heights z1 and z2 is then
estimated by

dg(z2 − z1) = g(z2) − g(z1) = a(z2 − z1) + b(z22 − z21),

(5)

and its standard uncertainty by

u(dg) =
{
u2(a)(z2 − z1)

2 + u2(b)(z22 − z21)
2

+2u(a)u(b)Corr[a, b](z2 − z1)(z
2
2 − z21)

}1/2
. (6)

Here, u(a) and u(b) are the standard uncertainties of the esti-
mated coefficients a and b, and Corr[a, b] is the Pearson’s
correlation coefficient between a and b. The coefficients
and their uncertainties were estimated from a weighted least
squares (WLS) adjustment on the basis of n observed grav-
ity differences �g (Table 2). For the weights, the relation
w = 1/[u2(�g)] was used where u(�g) is the standard
uncertainty of �g estimated from the processing of relative
gravity data (Oja 2019).

4 Absolute gravimeters and campaigns

Three types of free-fall absolute gravimeters, JILAg (Faller
et al. 1983), FG5 (Niebauer et al. 1995), and FG5X (Niebauer
et al. 2011) have been used from 1995 to 2017 for the
determination of gravity accelerations in Estonia. In autumn
1995, the JILAg#5 absolute gravimeter of the FGI was
deployed to measure gravity in Kuressaare, Suurupi, and
Tõravere (FGI 2003). In summer 2007, the LUH operators
with gravimeter FG5#220 measured gravity in Suurupi and

Tõravere (Timmen 2008; Oja et al. 2009). A year later, all
seven first-order points were occupied by the FGI team with
gravimeter FG5#221 during a monthly measurement cam-
paign from July to August (Bilker-Koivula 2009; FGI 2009).
The upgraded absolute gravimeter FG5X#221 of FGI was
used in winter 2013 to measure gravity in Suurupi and again
in summer 2017 at four stations: Suurupi, Toila, Tõravere,
and Haanja (FGI 2017). More details about the instruments
and measurement procedures used by LUH and FGI teams
can be found in: Bilker-Koivula et al. (2008), Gitlein (2009),
Timmen (2010), Mäkinen et al. (2016), and Bilker-Koivula
et al. (2021).

For the investigation of the instruments’ long-term stabil-
ity, repeatability, and traceability to the SI (International Sys-
temofUnits), the gravimeters JILAg#5, FG5#220, FG5#221,
and upgraded FG5X#221 have been repeatedly participating
in the International and European Comparisons of Abso-
lute Gravimeters, denoted as ICAG and ECAG/EURAMET,
respectively. The purpose of these comparisons was to deter-
mine the deviations of participating gravimeters (biases)
from a Comparison Reference Value (CRV).

Since the ICAG2009 (with themetrological nameCCM.G-
K1), a Degrees of Equivalence (DoE) were introduced to
describe a bias of participating gravimeters

DoEi = gi − CRV, (7)

where gi is the gravity value measured with the gravimeter i
(e.g. i = FG5#220, FG5#221,…).Within the metrology, the
DoE is used to evaluate the declared uncertainty estimates for
the participating instruments or standards (Jiang et al. 2012).
The DoE values, relative to the CRV with their expanded
uncertainties from the comparisons that are relevant for this
study and other details, are found in Table 3.

Comparison data obtained before 2009 are based on the
results given by Bilker-Koivula et al. (2021, Table 2) and
those include a recalculated JILAg#5 bias for the 1994 com-
parison. Since 2009, the DoEs and their uncertainties were
collected from the reprocessed results of uniformly elabo-
rated comparisons published by Pálinkáš et al. (2021). A
solution treating all gravimeters at the same level, labelled
as ICN, was used to obtain DoE values in Table 3.

The stability and repeatability of current AG meters have
also been ensured through regional and local comparisons
and the long time series of repeated gravity measurements
at a specific reference station. The bilateral comparisons
(AG instruments side by side) at FGI reference station Met-
sähovi and double occupations at other Finnish sites in
the period of 2003–2007 have revealed the difference of
9± 27 nm/s2 between the FG5#220 and FG5#221 gravime-
ters (Bilker-Koivula et al. 2008). A similar difference of
4± 27 nm/s2 between the FG5#220 and FG5#221 gravime-
ters from the comparison of 15 simultaneous observations at
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Table 3 Degrees of Equivalence
(DoE) values with expanded
uncertainties (at ≈ 95%
confidence level, 2σ ) from the
international AG comparisons of
absolute gravimeters

Comparison Epoch DoE ±2σ (nm/s2)

JILAg#5 FG5#220 FG5#221 FG5X#221

ICAG1989 1989.9 −80

ICAG1994 1994.4 90

ICAG1997 1997.9 5

ICAG2001 2001.6 57 ± 120

ECAG2003 2003.8 −16± 46 10 ± 56

ICAG2005 2005.7 −5 ± 54

ECAG2007 2007.9 23± 64 −2± 78

CM.G-K1 (ICAG 2009) 2009.8 6 ± 42 6± 48

EURAMET.M.G-K1 (ECAG 2011) 2011.9 14 ± 40 0 ± 48

CM.G-K2 (ICAG 2013) 2013.9 14± 42

EURAMET.M.G-K2 (ECAG 2015) 2015.8 −37± 42

CCM.G-K2.2017 (ICAG 2017) 2017.8 8± 40

EURAMET.M.G-K3 (ECAG 2018) 2018.4 26 ± 40

Values in bold are relevant for this work
The DoE values for the periods 1989–2007 and 2009–2018 have been collected from the re-evaluated results
by Bilker-Koivula et al. (2021) and Pálinkáš et al. (2021), respectively

Fennoscandian observing sites from 2003 to 2006 was found
by Pettersen et al. (2010).

Before and after every AG campaign the control measure-
ments at the reference station of FGI (at Metsähovi station
in Finland) and LUH (at Clausthal or Bad Homburg in Ger-
many) were undertaken. The difference of 77.4 ± 7.8 nm/s2

has been found between the results of the JILAg#5 and FG5
gravimeters observed at Metsähovi station in Finland (Ols-
son et al. 2019). The latest analysis of the absolute gravity
data measured at stations in Finland revealed an offset of
67.6 ± 8.1 nm/s2 for the JILAg#5 results with respect to
the FG5 and FG5X data (Bilker-Koivula et al. 2021). The
similar offset values ranging from71 to 94 nm/s2 (with uncer-
tainties from ±14 to ±19 nm/s2) between the JILAg and
FG5 gravimeters have also been estimated by Lambert et al.
(2001), Timmen et al. (2008), and Pálinkáš et al. (2013).

The JILAg#5 biases estimated from the comparisons (in
Table 3) are changing over the campaigns. The linear inter-
polation within the comparison results from 1994 to 1997
gives the bias of about 57 nm/s2 for JILAg#5 at the epoch of
the AG campaign in 1995. The uncertainty of the JILAg#5
biases from 1989 to 1997 is about 100 nm/s2 (Bilker-Koivula
et al. 2021), thus, these interpolated values are statistically
non-significant. However, their numerical values agree with
the JILAg#5 offsets given above. In conclusion, it is reason-
able to consider the bias of JILAg#5 in the following analysis
of AG time series.

The analysis ofAGdatameasured in Finland also revealed
a small but significant offset of −14.1 ± 5.8 nm/s2 for the
FG5X#221 with respect to the results of FG5 gravimeters
(Bilker-Koivula et al. 2021). No deviation between the FG5
and FG5X results has been found in the analysis of repro-

cessed comparisons from 2009 to 2018 (Pálinkáš et al. 2021),
as the conclusions of those authors were that FG5 and FG5X
data sets show high levels of consistency and are described
with a single distribution function. Further, a non-significant
offset between the FG5#221 and FG5X#221 can be con-
cluded, based on the DoEs presented in Table 3. However,
for testing purposes, the offset of FG5X#221 that was found
in the latest analysis of Finnish AG data as well as DoE val-
ues in Table 3 are later used to correct AG data for possible
biases in the following analysis.

There are still open questions regarding the long-term
stability of a metrological reference based on Comparison
Reference Values (CRVs). These include, e.g. the depen-
dence of the CRV on the participating instruments and the
dominance of FG5/FG5X instruments, the changing design
and processing of the comparisons in time and the incompati-
ble uncertainties ofDoE.Several of these questions havebeen
addressed and solved by the uniform analysis of Pálinkáš
et al. (2021).

5 Absolute gravity data processing and
results

During the measurement campaigns in Estonia, the number
of free-fall experiments (drops) thatweremainly takenwithin
2 or 3 days, varied from 2000 to 4496 per station determina-
tion (Table 4). The JILAg#5 interferometric data were first
processed using the software provided with the gravimeter.
The drop-by-drop results were then post-processed using
software that was developed at the FGI. The FG5 inter-
ferometric data were processed using the Micro-g LaCoste
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“g” Absolute Gravity Data Acquisition and Processing Soft-
ware (Micro-g LaCoste 2012).

Several reductions were made to transform the time vari-
able acceleration of free fall to the acceleration of gravity.
The final g-value of a station determination is an average
result that is valid for the occupation period on each abso-
lute point. The International Absolute Gravity Basestation
Network (IAGBN) processing standards (Boedecker 1988,
1993), created within the Working Group II (World Gravity
Standards) of the International Gravity Commission (IGC)
and de facto standards in geodesy, were followed in data pro-
cessing, i.e. the standard processing methods and the models
were generally used to reduce the effects of tides, polar
motion, and air pressure variations. Some specific details
about the tidal correction are, nonetheless, given below.

For the solid Earth tides reduction, the Wahr–Dehant–
Zschau tidal model (Wahr 1981; Dehant 1987; Zschau
and Wang 1987; Dehant and Zschau 1989), the Tamura
(1987) potential development and the PREM Earth model,
as implemented in the ETERNA program package (Wenzel
1996) are embedded in the “g” software by the Micro-
g LaCoste (Micro-g LaCoste 2012) that was used for the
FG5 and FG5X gravimeters. For ocean tides, the FES2004
model (Lyard et al. 2006) in “g” was used for the FG5#221
and FG5X#221. In Timmen and Wenzel (1995), the solid
Earth tides and the ocean tides by Schwiderski (1980) are
already combined and available in a worldwide 1◦ ×1◦ grid.
The grid was used by the LUH group to interpolate the tidal
parameters for the FG5#220 data processing. It was also
used by the FGI for the JILAg#5, with ETERNA. For the
Fennoscandian area, numerical testing of the slightly differ-
ent models of tidal parameters, as applied to the JILAg and
the FG5 observations, showed a sufficient agreement and are
ensuring a consistency within a very few nm/s2 for the final
gravity results.

No correctionwasmade for global and localwater storage,
mass distribution of the Baltic Sea, non-tidal ocean loading,
and the postglacial rebound. The measurement procedures,
methods, and the data processing undertaken by the LUHand
FGI teams are reviewed in detail by FGI (2003, 2009, 2017),
Gitlein et al. (2008), Bilker-Koivula et al. (2008), Timmen
(2010), and Mäkinen et al. (2016).

The results of JILAg#5 were corrected for the recoil
effect (Klopping et al. 1991). The results of FG5 and FG5X
(but not JILAg) presented in this study were corrected due
to the diffraction (Van Westrum and Niebauer 2003) and the
self-attraction effects (Niebauer et al. 1995, 2013). The com-
bined correction used in this study was 12.0 − 14.8 = −2.8
nm/s2 for FG5#220, 13.7−14.8 = −1.1 nm/s2 for FG5#221
and 14 − 11.7 = 2.3 nm/s2 for FG5X#221, as a sum of the
diffraction and the self-attraction corrections, respectively.

For all of the AG results, height-dependent gravity correc-
tions dg, by using Eq. (5) with the parameters from Table 2,

were applied to convert gravity values along the vertical from
the mean effective height to the reference height level at
120cm above the BM (Table 4).

The combined standarduncertainties (ust values inTable 4)
come from detailed uncertainty budgets for FGI instru-
ments JILAg#5, FG5#221, and FG5X#221 (FGI 2003, 2009,
2017). They include both the instrument and the site-
dependent uncertainties. For the LUH gravimeter FG5#220,
the value ±25 nm/s2, which coincides with the FG5#221
uncertainty (in 2008), was used to estimate the combined
standard uncertainty shown in Table 4.

The gravity values and their uncertainties presented in
Table 4 differ from the original published results and the
values published in Olsson et al. (2019). The differences
result from the re-evaluation of the vertical gravity gradient,
and the diffraction and self-attraction corrections of the FG5
instrument. However, these differences are rather insignifi-
cant, mostly below ±5 nm/s2. Only one observation made
in Tõravere in 1995 produced a larger deviation compared to
that described by Olsson et al. (2019): the result presented in
the present study is 8 nm/s2 lower due to the higher value of
the height correction from the mean effective height to the
reference height.

6 Gravity rates and relationship between ġ
and ḣ

Observed gravity rates at each station were calculated by
fitting a linear regression model to the repeated AG observa-
tions. Three fits were performed: ġ1 uses g120 values from
Table 4. To check the effect of possible offsets of gravime-
ters on rate estimation, two additional fits were performed.
For the solution ġ2 the g120 values were corrected for offsets
67.6±8.1 nm/s2 of JILAg#5 and−14.1±5.8 of FG5X#221
that were found by Bilker-Koivula et al. (2021). For the solu-
tion ġ3 the g120 values were corrected using the DoE values
in Table 3, as explained in Sect. 4. The fitting solutions are
presented in Table 5 and the differences between the fitted
and the GNSS-based gravity rates are shown in Fig. 6. A
similar comparison with the NKG2016LU_abs derived rates
gives practically the same distribution and, thus, is shown in
the electronic Supplementary Material.

In fitting with the ordinaryWLSmethod, the weightsw =
1/u2st were applied, where the standard uncertainties ust were
taken from Table 4. The slope uncertainty of the fitted line as
the square root of the diagonal element from the covariance
matrix of the fitted parameters’ vector was not multiplied by
the estimated standard deviation of unit weight

ŝ0 =
√
rTWr

ν
, (8)
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Fig. 4 Absolute gravity data measured at the first-order stations of
the Estonian gravity network from 1995 to 2017, fitted with a linear
regression model by applying the weighted least squares method. The
standard deviation of unit weight (ŝ0) was evaluated separately. The

gravity rates from the NKG2016LU_abs and nearby pGNSS stations
are found in Table 5, the standard uncertainties are from Table 4, and
the 1σ confidence intervals of the fitted linear model are also shown

where ν = nobs−2 is degrees of freedom, nobs is the number
of AG observations, r is the vector of residuals, andW is the
diagonal weight matrix. The ŝ0 was evaluated separately (cf.
Fig. 4, Table 5), and the reason of such an approach was to
the estimate uncertainty of the gravity rates independently
of the goodness of fit. In other words, the rate uncertainty
that is not scaled by ŝ0 depends only on AG measurement
uncertainties. Firstly, it made it possible for us to evaluate
the trend model while also including the stations with 2 data
points. For such stations, ν = 0 and thus ŝ0 cannot be eval-
uated (undefined value). Secondly, ŝ0 value at stations with
more than two observations (Suurupi and Tõravere) helped
to assess the goodness of fit. For instance, a ŝ0 > 1 indicates

other error sources in the data besides measurements errors,
such as nonlinear gravity variations in time and discrepancies
between AG instruments.

Based on the different solutions of fitted gravity rates
(ġi from Table 5) and vertical velocities from the model
NKG2016LU_abs and the pGNSS stations (ḣlu and ḣgnss
from Table 1), the weighted orthogonal distance regression
(WODR) was applied to estimate a new set of parameters
for Eq. (1) by using the gmtregress software (Wessel et al.
2013). The suitability of the WODR fitting methods for the
evaluation of the relation between the observed ġ and ḣ has
been discussed by Olsson et al. (2019, p. 1150). New values
of slope C and intercept g0 estimated withWODR fitting are
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Table 5 The gravity rates ġgnss and ġlu (nm/s2 per yr) were derived from the velocities of nearby pGNSS stations and the model NKG2016LU_abs
relative to the CM (from Table 1), respectively, by applying the relations, and parameters given by Eqs. (1) to (3)

Station ġgnss ġlu Fit 1 Fit 2 Fit 3 nobs �T (yr)

ġ1 ŝ0 ġ2 ŝ0 ġ3 ŝ0

Suurupi −5.1 ± 1.0 −5.3 ± 1.1 −1.8 ± 2.2 1.2 1.2 ± 2.2 1.1 0.0 ± 2.2 0.9 5 21.7

Tõravere −1.3 ± 1.0 −1.9 ± 1.0 0.7 ± 2.3 1.3 3.5 ± 2.4 0.8 2.7 ± 2.4 0.9 4 21.7

Kuressaare −3.7 ± 1.0 −4.0 ± 1.0 −6.5 ± 4.4 – −1.2 ± 4.5 – −2.1 ± 4.5 – 2 12.8

Haanja −0.6 ± 1.0 −0.8 ± 1.0 4.0 ± 3.8 – 5.6 ± 3.9 – 4.0 ± 3.8 – 2 9.0

Toila −3.4 ± 1.0 −3.2 ± 1.0 −0.1 ± 3.8 – 1.5 ± 3.9 – −0.2 ± 3.8 – 2 9.0

The observed rates (nm/s2 per yr) were estimated from the weighted least squares fit of the linear trend model to AG data without (ġ1) and with the
correction of the gravimeter’s offset (ġ2, ġ3). The additional column contains the standard deviations of unit weight ŝ0, and in the last columns the
total number of AG observations at each station and their time span are shown
Fit 1 uses g120 values fromTable 4without offset correction, fit 2 is corrected for offsets 67.6±8.1 nm/s2 for JILAg#5 and−14.1±5.8 for FG5X#221
found by Bilker-Koivula et al. (2021), and fit 3 is corrected for offsets by using DoE values in Table 3. Stations Audru (ġgnss = −3.5 ± 1.0 nm/s2

per yr, ġlu = −3.1 ± 1.0 nm/s2 per yr) and Lauka (ġlu = −4.5 ± 1.0 nm/s2 per yr) with one data point are excluded

Table 6 New values of intercept g0 (nm/s2 per yr) and slope C (nm/s2

per mm) of the linear model Eq. (1) estimated with WODR fitting

ġ1 ġ2 ġ3

ḣgnss

C −1.67 ± 1.21 −1.35 ± 1.22 −1.39 ± 1.20

g0 2.91 ± 2.81 5.04 ± 2.85 3.97 ± 2.80

ḣlu

C −1.85 ± 1.29 −1.46 ± 1.31 −1.46 ± 1.29

g0 3.59 ± 3.15 5.48 ± 3.19 4.34 ± 3.14

shown in Table 6. Two results of WODR fitting (ḣgnss vs ġ1
and ḣgnss vs ġ3) are plotted in Fig. 5 to visualize the effect
of gravimeter offset correction on the ġ and ḣ relation. The
other fitting solutions show visually similar results and thus
are presented only in the electronic Supplementary Material.

7 Discussion

Overall, the number of gravity determinations to date is still
not sufficiently satisfactory to provide significant constraints
to the geophysical predictions of the land uplift. More grav-
ity determinations are needed to strengthen the reliability
of the observational gravity rates. However, at the stations
with more than one measurement, a long time span is cov-
ered, enabling a first evaluation of the differences between
observed and predicted gravity variations at the first-order
stations of the Estonian gravity network.

A rather good agreement can be seen between the fit-
ted gravity rates ġ1 and the rates derived from the land
uplift velocities of nearby permanent GNSS stations and
the NKG2016LU_abs model (Fig. 4, Table 5). All fitted and
derived values are less than two standard uncertainties from

each other, i.e. there are no statistically significant individ-
ual discrepancies. The fitting with AG data corrected for the
instrumental offsets shows slightly reduced residuals, as ŝ0
values change from 1.2–1.3 to 0.9–1.1 (Table 5). However,
the discrepancy between the fitted and derived rates tends to
increase with the offset correction, and only in Kuressaare
do the discrepancies decrease (Fig. 6).

The results of this study (ġ1 solution) are also consistent
with the rates−1.4±3.8 nm/s2 per yr in Suurupi and−7.2±
6.2 nm/s2 per yr in Tõravere, as estimated by Olsson et al.
(2019). The opposite sign and larger difference of rates in
Tõravere apparently indicate the influence of the JILAg#5
measurement of 1995 on the fitted rates, which has now been
reduced due to the additional measurement in 2017. One can
argue for the complete omission of JILAg#5 observations.
Without the JILAg#5 data, the fitted gravity rate (solution
ġ1) would be 1.3±3.0 nm/s2 per yr in Suurupi and 4.1±3.1
nm/s2 per yr in Tõravere. These results show a higher rate
uncertainty, as well as a poorer match with the derived rates.
It is also true for other gravity rate solutions, because the
offset corrections for the FG5 and FG5X instruments are
rather small. Accordingly, no improvement by removing the
JILAg#5 data is obtained.

It is noteworthy that there are possible common-mode
signals up to 60–70 nm/s2 which appear in 2007–2017 by
following the discrepancies between the data and the rates
derived from the pGNSS stations and NKG2016LU_abs
model (Fig. 4). The major disturbing signal with strong
seasonal and inter-annual variability is probably due to the
hydrological processes, e.g. groundwater level and soil mois-
ture variations (Mäkinen and Tattari 1988; Timmen 2010;
Van Camp et al. 2017). At Metsähovi, a station in Finland
with meteorological conditions similar to the Estonian AG
sites, the combined analysis of time series of the supercon-
ducting gravimeter and the multiple hydrological sensors
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Fig. 5 Two solutions of gravity
rates (ġ1, ġ3) relative to the CM
versus height rate ḣgnss in
ITRF2008 determined from the
AG measurements and pGNSS
stations in Estonia, respectively.
The modelled and observed
curves presented by Eq. (1) and
a linear regression model fitted
to the measured values by using
the weighted orthogonal
distance regression,
respectively. The uncertainties
and the confidence bands are
given at the one sigma level
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ġ 
(n

m
s−

2 /
yr

)

0 0.5 1 1.5 2 2.5 3 3.5 4
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Modelled:  ġ = 0.3 −1.63 ̇h
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showed that the seasonal peak-to-peak variations of gravity
could be about 50–60 nm/s2 due to the hydrology (Mäkinen
et al. 2014). Metsähovi is on crystalline bedrock, and con-
ceivably the hydrology effects at Estonian sites which are on
more porous limestone and on sediments could be consider-
ably greater. It is noteworthy that, generally, no corrections
to remove that effect are made for the AG results as the data
on local hydrological conditions are often limited or missing.

For the stations at or near the coast, such as Suurupi,
Kuressaare, Toila, Lauka, and Audru (with the distance from
a fewhundredmetres to 4km from the coastline), another dis-
turbing gravity signal stems from the non-tidal loading effect
of the Baltic Sea level change. Nordman et al. (2015) mod-

elled the time series (2008–2012) of the sea loading effect
for nearly two hundred sites (includingEstonianAG stations)
around the Baltic Sea. According to their study, the gravity
(peak-to-peak) variation in Estonia is due to the Baltic Sea
loading range from 67 (−35 . . . 32) nm/s2 in Kuressaare to
21 (−11 . . . 10) nm/s2 in Haanja. We conclude that the sea
loading effect could also be quite significant for the sites such
as Haanja, about 150–200km away from the coast.

The estimated gravity rates at coastal stations can also
be affected by direct attraction and short wavelength elas-
tic deformation from present-day GIA-induced sea level
variations (Olsson et al. 2009). According to the compu-
tation of those authors, the effect on gravity rate could be
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Fig. 6 Distribution of differences (dġi = ġi − ġgnss) between fitted
(solutions i = 1, 2, 3) and GNSS-based gravity rates. Bars with light,
medium, and dark grey showdifferences dġ1, dġ2 and dġ3, respectively,
and error bars show their combined uncertainties at the one sigma level

−0.3 . . . − 0.4 nm/s2 per yr at Swedish AG sites where the
ratio D/10H between the distance D from the coast and
height H from the sea level is below 1, i.e. D/10H < 1.
For the majority of Estonian AG sites, this ratio is above 1,
except for the Toila site where D = 220 m and the ratio is
0.6. However, it is important to note that correcting for this
effect would not influence the fitted results of the present
study.

The fitted ġ1, observed and modelled ḣ values, and the
fitted WODR trend line are within 1σ uncertainty of the
modelled line in Fig. 5a, which supports the theoretical rela-
tion from the geophysical GIA model, given by Eq. (1). Yet,
all of the points except Kuressaare are above the theoreti-
cal line, which would indicate that gravity is not decreasing
as much as expected via the GIA process. The correction
for the gravimeter offsets increased the fitted gravity rates,
that is, shifted the data points upwards (Fig. 5b vs. Fig. 5a).
Although the WODR goodness of fit was improved (the line
is closer to the points), the deviation from the theoretical
model increases. The reason for such a deviation could be a
common-mode gravity increase caused by annual to decadal
variations in the hydrology, as discussed above. We believe
that the common-mode increase in gravity in 2007–2017 pro-
vides a plausible explanation for the mismatch between the
data and the linear models. We also conclude that the results
are robust with respect to the various ġ and ḣ choices, pre-
sented above and in the electronic Supplementary Material.

By taking the uncertainty estimations of fitted and derived
gravity rates into account, the consistency between them and
the GIA model prediction can be concluded. However, tem-
porally sparse AGmeasurements at Estonian gravity stations
still complicate the separation of the GIA signal from other
disturbing signals. The improved linear regression fitting
with smaller residuals in Fig. 4 could be expected if the global
and local hydrological models (see, e.g. Pálinkáš et al. 2013),
in combination with GRACE satellite mission data (Luthcke

et al. 2013; Szabó and Marjańska 2020) and non-tidal Baltic
Sea loading model (e.g. Nordman et al. 2015), are used for
data corrections in the future. Moreover, a denser sampling
rate and longer time series of gravity data would improve
the linear regression fit results. For instance, since 2007 the
sampling interval in SUUR is 4–5 years with corresponding
frequency 0.2–0.25 cpy. It is suggested to follow that or an
even shorter interval between the future AG campaigns for
the reliable separation of GIA-related and other signals from
the observed time series of absolute gravity.

8 Summary

The free-fall acceleration of gravity data, determined at seven
points of the Estonian first-order gravity network from 1995
to 2017, were collected and reprocessed to estimate grav-
ity values with uncertainties. The reprocessing included the
unified evaluation of the local vertical gravity gradient and
the corrections due to the self-attraction and diffraction of
the absolute gravimeter. The application of the unified cor-
rections was necessary for the homogeneous results, which
are important for the establishment of the accurate national
gravity frame as well as for the geodynamical research.

The absolute gravity data at five points were analysed to
estimate the long-term rate of gravity change anticipated in
Northern Europe, e.g. due to the ongoing GIA process. A
linear regression model was fitted with AG data to estimate
observed gravity rates by using the weighted least squares
method. The differences between the fitted gravity rates and
the gravity rates derived from the nearby pGNSS stations
and the NKG2016LU_abs model were within the range of
uncertainties of these rates; and thus, these can be regarded
as statistically non-significant. However, the residuals of
linear regression (in Fig. 4) refer to some common-mode sig-
nals with similar temporal features in AG data which could
complicate the reliable separation of GIA signal from other
disturbing signals. The extended analysiswith the corrections
due to the instrumental offsets, revealed slightly improved fit-
ting results with lower residuals. But, it also showed larger
deviations from the derived gravity rates (from pGNSS sta-
tions and LU model) and the prediction of the GIA model.
Therefore, the positive effect of instrumental offset correc-
tion is not confirmed by our study.

Other possible sources of disturbances are the hydrolog-
ical mass variation and the Baltic Sea level change. The
correction of these effects by using global, local hydrolog-
ical, and non-tidal Baltic Sea loading models, as well as
GRACE data, is critical to improve trend fitting and reduce
the residuals in future research. Additionally, new AG mea-
surements at the first-order points of the Estonian gravity
network determined over the certain period of time (at least
after every 4–5 years) will be necessary to improve the sep-

123



131 Page 14 of 16 T. Oja et al.

aration of temporal gravity variations and, thus, assure the
accuracy of the national gravity frame. The advancing tech-
nology, such as quantum gravimeters would be beneficial
to use for the new AG measurements. Also, the establish-
ment of the International Gravity Reference System/Frame
would be the important base for the further development of
the national gravity standard. The IGRFwith unifiedmethods
would also be needed to ensure a common gravity reference
and the long-term stability, repeatability, and traceability (to
the SI) of the different absolute gravimeters used. It would
be advisable to install an additional AG site in the middle of
Estonia, away from the coast (for the smaller impact of the
Baltic Sea) for better spatial resolution and also distribution
of absolute gravity data.

A similar conclusion was made by Olsson et al. (2019),
that currently the most accurate GIA-induced gravity rates
over the Nordic–Baltic postglacial rebound area (such as
in Estonia) are predicted from the NKG2016LU_abs model
together with the geophysical relation between land uplift
and gravity change. However, the origin and scale errors of
the International Terrestrial Reference Frames (ITRFs) could
still add bias to these predicted gravity rates and propagate
their uncertainties. Hence, the observed gravity rates are use-
ful input data for the evaluation of ITRF error budget.

The presented AG results with unified corrections and
realistic uncertainties form an initial base for the geophysical
andGIA-related studies in the future. For instance, the gravity
rates fitted to the homogeneous AG time series of Esto-
nian gravity stations showed lower uncertainties and better
agreement with the rates derived from GNSS measurements
and the NKG2016LU_abs model than those found by Ols-
son et al. (2019). Furthermore, the gravity data set of this
study helps to further elaborate theEstonian gravity reference
frame EG2000, which is needed in high-quality applications,
such as the predictionmodel of the gravity anomaly field (Oja
et al. 2019) and the national 5mm geoid computation (Ell-
mann et al. 2019).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00190-021-01580-
y.
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