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Accuracy tests of LCR model G gravimeters

Géza CSAPÓ’

Due to the need for a more accurate geoid, in turn the necessity for a more refined gravity field 
with better resolution has been increased. Progress is being made by means of more accurate 
instruments using physical (particularly gravitational) observation techniques. Both torsion balance 
gradiometry and absolute gravimetry provide measurements with high accuracy; this high degree of 
accuracy can be supported by less accurate relative gravimetry by increasing the number of 
observation points. In this study measurements by recently used LCR gravimeters have been 
investigated under certain condilions of observation.
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1. Introduction

In recent years the need for a more accurate geoid has been increased, 
principally in order to increase positioning accuracy by GPS. This involves 
the necessity for a more refined knowledge of the gravity field with more 
delicate resolution. The investigations make use of observations based on 
both physical and geometrical considerations. Among the physical obser
vation techniques, gravity measurements provide the best results. The ob
servation instruments are super-conducting, absolute and relative gravi
meters. Recently, investigations utilizing satellite gravimetry and gradio
metry results have been taken into consideration [FUKUDA, FÖLDVÁRY 
2001, TÓTH, FÖLDVÁRY et al. 2006]. As a means of increasing the effi
ciency of gravimetric observations, over the last few years transportable 
absolute gravimeters have been developed (cf. Fig. 1) that can also be used 
for field operations in view of which drastic improvements in the accuracy 
of terrestrial gravimetry can be expected. For pGal and sub-pGal mea
surement accuracy by absolute and super-conducting gravimeters certain 
external disturbing effects should be taken into account, which have not * **
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been employed before except 
for theoretical studies. In order 
to study the structure of the 
gravity field, advantage is taken 
of the combined use of absolute 
and relative gravimeters. 
Although the measurement 
accuracy of these combined 
gravimeters is an order of 
magnitude smaller, they are 
suitable for providing addi
tional information in a cost 
effective way for joint pro
cessing. It should be kept in 
mind that gravimetry is just a 
tool for gravity field investi
gations and it cannot replace 

geometric methods, i.e. levelling, GPS, or a knowledge of geology and 
hydrogeology. Reliable results can be derived only by employing physical 
and geometrical methods together, and interpreting all the available infor
mation in a complex, multiple way [CSAPÓ, VÖLGYESI 2005]. 2

Fig. 1. Transportable absolute gravimeter at a 
field point

1. ábra. Szállítható abszolút graviméter egy terepi 
mérési ponton

2. Interpretation of accuracy in gravimetry

Certain terms are used in gravimetry to describe the accuracy of a 
gravimeter. One of them is the so called ‘inner accuracy’. First of all when 
simply ‘accuracy’ (or a posteriori accuracy) of a gravimeter is mentioned it 
refers to the standard deviation of Ag within a series of measurements. 
Often measurements between two points are done in A-B-A-B-A sequence, 
providing four different estimates for Ag. In this case the accuracy is 
defined by the standard deviation of the four estimates. This value pri
marily depends on the gravimeter, i.e. the properties of the instrument 
(including both random and systematic errors), subsequently on external 
disturbing effects and on the given observation method. There are also 
some external environmental effects, e.g. variations of the ground water 
and long-term gravity variations, though these have no effect on this 
accuracy estimate.
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The so-called ‘repeatability’ term frequently used in gravimetry has a 
more practical sense. In this case the measurements are repeated in time, 
after some days, weeks or even years between the same two points and in 
the same manner. The measure for repeatability is then the standard devi
ation of the time series of the measurements. It is very important to know 
the repeatability of a gravimeter when time variations of the gravity field 
are studied, since it also depends, for example, on the time variations of the 
ground water content [VÖLGYESI et al. 2006].

3. Observation method used for accuracy tests of gravimeters

The instruments used were LCR-G gravimeters equipped with elec
tronic levels owned by the Eötvös Loránd Geophysical Institute of Hun
gary (ELGI). Usually such instruments are used for high-precision mea
surements, e.g. for measuring the ‘Unified European Gravity Network’ 
(UEGN). The way in which dial readings are done depends on the structure 
of the gravimeter. In the case of older instruments, readings are carried out 
optically by turning the dial until the counter coincides with the so-called 
‘nulling counter’. With more up-to-date instruments a capacitive beam 
position indicator (CPI) is used to identify the counter, so the reading is 
done by turning the dial until the built-in galvanometer is set to zero. Both 
types of reading are referred to as the ‘nulling method’. If the cables of the 
galvanometer can be connected to an external voltmeter, readings can be 
carried out in the so-called ‘interpolating method’. In this case three 
different close-to-zero readings are taken simultaneously on the voltmeter 
and on the dial, and the exact reading is determined by interpolating the 
dial readings to the theoretical zero of the voltmeter. In this present study 
the interpolating method was used.

4. Determining the inner accuracy of the instrument by determining 
the true error of the measurement

In practice the true value of a measured quantity is not known, there
fore neither is its true error. However, for gravimeters these can be deter
mined by special arrangements of the measurements, e.g. if the two points 
of the observation tie are identical (i.e. A=B), then the value of Ag between 
the ‘two’ points is known to be exactly zero. Therefore the deviation of the
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measurements in an A -B -A -B -A  sequence from zero should be consid
ered to be the true error. Theoretically the calculated true error is not the 
error of the true value, since it contains all correction errors; however, for 
this test this difference can be neglected.

Test measurements were carried out at a point of the micro-baseline 
within one of Budapest's caves — the Mátyáshegy cave. Different sets of 
sequences were measured by altering the time interval between the mea
surements (A l, B l, A2, B2, A3) and the method of instrument trans
portation (on foot or by car), performing 3 series of measurements in each 
case. The readings were obtained by the ‘interpolating method’. The height 
of the sensor mass inside the gravimeters above the micro-baseline point 
were determined with an accuracy of some mm, and the instruments were 
always set at the same azimuth. Atmospheric temperature and pressure 
were also measured. In the course of processing the measurements they 
were corrected for instrument height, also tidal and barometric corrections 
were taken into account, and the drift was removed. The time interval 
between the measurements was determined in the same way as is usually 
done in practice. Therefore when the transportation time of the gravimeters 
would have taken more than 20 minutes, it was done by car.

The results are shown in Tables I-IV  Observation accuracy depends 
on the time interval between the measurements and the method of trans
portation of the gravimeters [CSAPÓ 2002] (see bold values in Tables 
I-IV). These tables also show that the greatest deviations in most cases, 
either series with different gravimeters or measurements performed repeat
edly with the same gravimeter, seldom exceed 10 pGal (cf. results of 
gravimeter number 963). By utilizing the value of the true errors a ‘quality

series measurements at the Ag = 0 tie; unit: mGal

LCR-1919 LCR-963 LCR-821 Amax

1 -0.0017 -0.0049 + 0.0019 0.0068

2 + 0.0014 -0.0027 + 0.0019 0.0046

3 + 0.0018 + 0.0010 -0.0017 0.0035

Amax 0.0035 0.0059 0.0036 0.0050

Table I. Measurement results with transportation of the gravimeter on foot 
(measurement interval: / = 1 0  min)

I. táblázat. Mérési eredmények a graviméter kézi szállítása esetén: / = 10 perc
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series measurements at the Ag= 0 tie; unit: mGal

LCR-1919 LCR-963 LCR-821 Amax

1 + 0.0017 + 0.0063 -0.0029 0.0092

2 + 0.0008 -0.0016 + 0.0030 0.0046

3 +0.0039 + 0.0040 -0.0012 0.0052

Amax 0.0031 0.0079 0.0059 0.0063

Table II. Measurements with transportation of the gravimeter on foot 
(measurement interval: t = 20 min)

II. táblázat. Mérési eredmények a graviméter kézi szállítása esetén: t = 20 perc

series measurements at the Ag = 0 tie; unit: mGal

LCR-1919 LCR-963 LCR-821 Amax

1 + 0.0017 + 0.0053 + 0.0028 0.0036

2 -0.0052 + 0.0024 + 0.0058 0.0110

3 + 0.0024 + 0.0046 -0.0010 0.0056

Amax 0.0076 0.0029 0.0068 0.0067

Table III. Measurements with transportation of the gravimeter by car 
(measurement interval: t = 20 min)

III. táblázat. Mérési eredmények a graviméter gépkocsival történő szállítása esetén:
t = 20 perc

series measurements at the Ag = 0 tie; unit: mGal

LCR-1919 LCR-963 LCR-821 Amax

1 + 0.0046 -  0.0046 + 0.0050 0.0096

2 + 0.0024 +0.0020 -0.0038 0.0062

3 + 0.0034 + 0.0032 + 0.0065 0.0097

Amax 0.0022 0.0078 0.0103 0.0085

Table IV. Measurements with transportation of the gravimeter by car 
(measurement interval: t = 30 min)

IV. táblázat. Mérési eredmények a graviméter gépkocsival történő szállítása esetén:
/ = 30 perc
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order’ can be established among these gravimeters. Note that the mea
surements were performed under ideal conditions, i.e. in the morning 
hours, when the temperature changes do not exceed 2-3° C. It is also 
mentioned that the choice of the station, i.e. inside a cave, provided a 
shielded, wind-free location.

Bearing in mind the results in Tables I-IV, we can conclude that when 
measuring vertical gradients indoors (i.e. absolute stations), or when deriving 
a gravity value for an eccentric point from an absolute station in the 
immediate vicinity, LCR-G gravimeters yield an accuracy of some pGals.

5. Determination of the accuracy of repeated measurements of the 
vertical gradient in two and in three positions

For relative gravimeter measurements made with repetition between 
field points the reliability of the measurement is evaluated in the interval 
(range) between the inner accuracy and the gross error. In the case of LCR 
gravimeters — judging from our experience —  those measurements are 
regarded as gross errors where the differences of the corrected relative ‘g ’ 
values, which can be calculated to the individual points from the measure
ments done in the same sequence, are higher than 0.03 mGal. Within the 
reliability range of the measurements, accuracy depends on external dis
turbing effects, the method of transportation of the instrument, and the 
distance between the two measurement points. In the case of repeated 
measurements with a longer period between measurements, further effects 
(mentioned in Section 2.) should be considered.

The term ‘measurement of vertical gradient in two positions' refers to 
two observations of A g at different heights at the same station. Accord
ingly, ‘observation in three positions’ refers to measurements at three 
levels along the plumb line. In this analysis A-B-A-B-A-B and 
A-B-C-B-A-B-C-B-A sequences were used respectively for the two posi
tions’ and three positions’ solutions [CSAPÓ 2001; CSAPÓ, VÖLGYESI 
2002]. By re-measuring the series later, the repeatability can be deter
mined. Note that in the case of measurements of the vertical gradient, the 
range is always Ag < 1 mGal, therefore the relative accuracy decreases. 
These kinds of observations have been carried out both at indoor stations, 
e.g. absolute stations, and at field points in order to analyse the errors due 
to external disturbing effects. Table V shows the accuracy of vertical
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Location series method
mxby gravimeters mx

(LCR all)LCR-821 LCR-963 LCR-1919

at absolute stations

Mátyás Cave 3 2 positions ±0.0051 ± 0.0025 ± 0.0046 ± 0.0046

Pecnÿ 3 3 positions - ±0.0027 ± 0.0028 ± 0.0030

at field points

Pécs airport 3 3 positions - ± 0.0074 ± 0.0048 ± 0.0076

Műegyetem
garden 3 3 positions - ±0.0107 ± 0.0086 ± 0.0097

Hármashatárhegy 3 3 positions - ± 0.0108 ± 0.0099 ±0.0109 !

Szépvölgyi street 3 3 positions - ± 0.0065 ± 0.0047 ± 0.0064

Table V. Accuracy of vertical gradient measurements; unit: mGal
V. táblázat. A vertikális gradiens mérések pontossága mGal egységben

gradient measurements at a number of locations. The reliability of mea
surements with any specific gravimeter has been assumed to be the same. 
The mean of the measurements within a series has been assumed to be an

*ф?M ,

independent observation. In Table V 
standard deviations were defined as 
the standard deviation of the mean of 
every series, i.e.:

mx = ± [(vv)/n-1]17'
It can be seen from Table V that 

observations at indoor (absolute) 
stations are twice as accurate as 
those at field points (cf. Fig. 2). In 
practice (i.e. for geophysical 
purposes) three series with two 
gravimeters at one point are rarely 
measured in view of which it should

Fig. 2. Measuring vertical gradient at a field 
point

2. ábra. A vertikális gradiens mérése egy 
terepi ponton
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be noted that this kind of analysis with one instrument would definitely 
provide less accurate results than given in this table.

The results show that not only are there random but also systematic 
deviations between the instruments. This resulted in a worse standard 
deviation for the combined adjustment (in the table ‘LCR all’) than from 
one gravimeter. Since, for so small measurements, differences in the scale 
factor of gravimeters have no effect on the result, these deviations can be 
interpreted with the differences of the periodic errors belonging to 1 mGal. 
The amplitude of periodic errors differs depending on the particular gravi
meter. Empirically the error at 1 turn of the dial (cca. 1 mGal) was found to 
reach even 3-5 pGal.

6. Determination of repeatability by measurements on the national 
gravimeter calibration baseline

Most observations along the national calibration baseline (between 
Siklós and Szécsény with a range of about 210 mGal) were performed with 
the LCR-1919 gravimeter. In the following section these results are ana
lysed. Calibrations have been done along this baseline for more than 20 
years with a very experienced staff. In these investigations it is assumed 
that the scale factor of the gravimeters did not change beyond the accuracy 
of the measurements during the test period. Due to the long observation 
period neither the long-term variations of the gravity, nor ground water 
variations in the vicinity of the point, nor the change of the properties o f the 
gravimeter (e.g. rheological characteristics of the gravimeter's spring) can 
be neglected. These effects are assumed to be involved in the deviations of 
the measurements.

The baseline belongs to three different geological structures therefore 
differences both in crustal movements and in hydrogeological properties 
should be expected. Observations at these observation ties are shown in

The measurements at the neighbouring points of the baseline were 
performed in the aforementioned sequence, usually in early spring and/or 
in late autumn. During the processing, in all cases those corrections were 
applied that were mentioned in the section on accuracy determination. The

Table VI. Measurements on the calibration baseline between 1984 and 2004

Table VI.

VI. táblázat. Mérések 1984 és 2004 között a kalibrációs alapvonalon
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date 81-
101.10

101.10-
102

102-
ЮЗ

ЮЗ-
104

104-
4100

4100-
106

106-
107.10

107.10
-82

82-
4224

4224-
4223

1984.12 15.790 45.016 36.434 16.456 3.274 28.204 33.985 (1.666) 8.152 20.535
1985.04 15.821 45.056 36.449 16.453 3.287 28.214 33.983 1.703 8.171 20.549
1986.04 15.820 45.039 36.473 16.452 3.266 28.218 33.987 1.695 8.171 20.548

1986.10 15.797 45.027 36.471 16.461 3.282 28.212 33.987 1.685 8.161 20.550
20.547

1987.03 15.792 45.031 36.464 16.445 3.284 28.234 33.992 1.670 8.184 20.556 :

1987.10 15.820 45.029
44.993 36.471 16.505 3.299 28.205 33.978 1.667 8.146

8.121 20.570 :

1988.04 15.814 45.040 136.432) (16.5261 3.267 (28.1481 (33.939) (1.666) 8.146 20.536
1989.03 15.814 45.040 (36.4321 (16.5261 3.266 28.221 33.969 1.673 8.162 20.536
1989.10 15.807 45.044 36.440 16.424 3.267 (28.1481 (33.939) (1.666) 8.146 20.536
1990.11 15,838 45.029 36.484 16.463 3.280 28.220 33.971 1.686 8.144 20.531
1991.04 15.820 45.035 36.466 16.463 3.278 28.220 33.965 1.691 8.154 20.544
1991.10 15.826 45.026 36.475 16.449 3.278 28.225 33.940 1.690 8.163 20.554
1992.03 15.823 45.034 36.472 16.444 3.292 28.230 33.968 1.688 8.174 20.544
1992.10 15.838 45.033 36.459 16.459 3.289 28.221 33.954 1.673 8.178 20.534 I

1993.03 15.811 45.040 36.470 16.437 3.284
3.279 28.213 33.966 1.706 8.184 20.542

1993.10 15.824 45.028 36.473 16.439
16.460 3.265 28.243 33.966 1.691 8.174 20.517

1994.10 15.822 45.040 36.460 16.455 _ 28.224 33.965 1.675 8.170 20.532
1995.05 15.825 45.027 36.449 _ _ 28,251 33.996 1.722 8.187 20.533 J
1998.06 (15.7691 (44.9731 36.493 _ _ 28.217 33.968 1.697 8.172 20.555
2000.08 15.796 45.016 36.478 16.443 _ _ 33.962 1.697 8.166 —

2001.03 15.794 45.024 36.485 _ _ _ 33.959 1.730 8.195 —

2002.02 15.793 45.044 36.471 _ _ _ 33.957 1.683 8.159 —

2003.04 15.803 45.053 36.444 _ _ — (33.936) 1.697 8.152 -

2004.04 — - 36.449 - - - 33.948 (1.666) - -

stati.dics for the whole data series

mean 15.813 45.027 36.464 16.457 3.281 28.218 33.969 1.688 8.165 20.544
std. var. ± 0.020 ± 0.021 ± 0.016 ± 0.023 ± 0.010 ± 0.022 ± 0.019 ± 0.017 ± 0.016 ± 0.013

N 23 24 24 19 17 24 24 24 24 20
Дгпах. 0.092 0.083 0.061 0.102 0.034 0.103 0.067 0.064 0.074 0.053

statistics for the filtered data (non-normal distribution checked by x2 test)

mean 15.813 45.032 36.465 16.453 3.281 28.224 33.970 1.691 8.165 20.544
std. var. ± 0.015 ±0.013 ±0.015 ± 0.017 ±0.010 ± 0.012 ±0.015 ±0.016 ±0.016 ±0.013

N 23 23 22 17 17 22 21 20 24 20
Дтах. 0.071 0.063 0.059 0.081 0.034 0.047 0.056 0.063 0.074 0.053
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observations were adjusted in the Least Squares sense by the Danish 
iteration method on the basis of a fixed network. The constraints of the 
adjustment were defined to be the gravity acceleration values of points 81 
and 82 determined in the year 1990, regardless of whether at the absolute 
stations repeated determinations before or after 1990 had been performed. 
(These repeated absolute determinations were taken into account with the 
relative measurements). Daily means of A g values of neighbouring points 
were assumed to be independent observations.

Table VI shows the date of the observations (year/month) with the 
measured Лg  values without a sign at the observation ties in mGal units. 
The observation ties are labelled with the catalogue numbers of the sta
tions. Some statistics of the Лg  measurements were calculated (mean, 
standard deviation), and are shown in the table along with the number of 
observations (V) and with the maximum deviation during the 20 years' 
period (Amax)- Forthose observation ties where N> 15, a normality test was 
performed using the %2 test. At a confidence level of 0.997 (i.e. 3a) all the 
measurements were found to follow normal distribution; even at a con
fidence level of 0.92 only a few data were rejected — these values are 
shown in parentheses in the table.

From the tests it can be concluded that
— There is no correlation between the amplitude and the standard devi

ation o f the observation. The standard deviations are between ± 0.010 
and 0.023 mGal depending on the number of observations; on average ±
0.016 mGal.

— No definite correlation between the amplitude o f the observation and 
Amax was found.

On the other hand, it is obvious that Amax values are notably larger than 
the corresponding standard deviations. This suggests that repeatedly 
measured observation ties (with a long duration between the measure
ments) can provide fairly different Ag, which differences are not a con
sequence o f  accuracy-decay o f  the instrument, but o f  different external 
effects and o f  variations in the gravity field. The difference in values is 
certainly important for fundamental gravity networks. In cases of national 
basic gravity networks the measuring campaign can take some years, and
— since meanwhile temporal variations of the gravity field are not uniform
— the accuracy of the network unavoidably decreases. Due to these tem
poral variations (and other, additional reasons) the national fundamental 
networks should be re-measured every 10-15 years. In the new networks
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more and more absolute stations are established (the so-called 0th order 
network), re-measurement of these stations also enables stability control of 
the whole network. With the increase in number of the absolute stations, 
local networks become more inexpensive. Further investigations on the 
geological aspects of these measurements carried out on the national 
calibration baseline are planned to be discussed in a separate paper.
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Geodéziai típusú LCR graviméterek pontossági vizsgálata

CSAPÓ Géza

Az egyre pontosabb geoid előállításának igénye miatt megnőtt a nehézségi erőtér részletesebb 
—  és nagyobb felbontású— ismeretének szükségessége. A feladat megoldását segíti a fizikai alapú 
mérési módszerek, elsősorban a gravitációs módszerek alkalmazása —  egyre nagyobb megbíz
hatóságú műszerek igénybe vételével. Az Eötvös ingával végzett gradiensmérések és az abszolút 
módszerrel végrejhatjott nehézségi gyorsulás meghatározások nagy megbízhatóságú eredményeket 
szolgáltatnak, de a földi mérési pontok számának növelése a kevésbé pontos relatív graviméteres 
mérésektől sem tekinthet el. A dolgozatban ma használatos LCR graviméterek különböző mérési 
körülmények között végzett mérési eredményeinek megbízhatóságát vizsgáltuk.
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