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Abstract

To achieve the targeted accuracy in the Bureau International des Poids et Mesures (BIPM)
watt balance (WB) project, the value of g (acceleration due to gravity) must be known to
an accuracy of 10�9 (10 nm/s2) during the operation of balance. Gravity changes due to
Earth Tides are the largest time variable signal affecting g at 10�7. In order to improve
the tidal prediction at the BIPM site, the relative spring gravimeter gPhone#032 collected
observations for 6 months on site B of the BIPM. An analysis of the tidal results is presented
here. We compare them with recent Earth and oceanic loading tidal models. In addition,
using the gravity data from the Superconducting Gravimeter in Walferdange we demonstrate
that a precision of C/�20 nm/s2 can be achieved on the predicted value of g using a synthetic
tide and including atmospheric pressure, polar motion and hydrological effects.
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1 Introduction

Recently, several experiments and analyses of the spatial and
temporal variations of the gravity field at the BIPM (see,
Jiang et al. this issue) have been undertaken. The motivation
for this work is to support the BIPM watt balance (WB)
project. The WB project (Eichenberger et al. 2009) aims at
determining Planck’s constant, h, for the future realization of
a new definition of the kilogram. This new definition is based
on the Planck’s constant and on the accurate knowledge
of the acceleration due to gravity. The requirement on the
accuracy of the instantaneous value of g for this project
is 10�8. This could be achieved either by simultaneously
operating the watt balance and an absolute gravimeter or
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by accurately predicting the g-value. In the latter case, this
would mean that all modeled contributions to the g-value
should be determined at 10�9 or with an accuracy of 10 nm/s2

(i.e. one order of magnitude less than the desired precision).
The largest time varying gravity signals at any location are

the Earth tides. Gravity perturbations due to these tides can
have peak-to-peak amplitudes of up to 2,500 nm/s2. [For an
excellent and comprehensive review on the subject of Earth
tides, the reader is referred to Agnew (2007).] The Earth tides
include two contributions: the body tides which are the tidal
deformations on the ocean-less solid Earth; and, the loading
and attraction effects of the ocean tides. The tidal gravity
effect consists of three terms: the direct vertical component
of the tidal force due to the Moon and the Sun, the changes
in gravity due to the vertical displacement of the station and
due to the potential change caused by the redistribution of
the mass of the deformed Earth. Moreover, as both the body
tide and ocean tide contributions are caused by the luni-solar
attraction, they both contain the same frequencies. From the
spectral analysis of the observations, it is not possible to
distinguish the contribution of the individual components.
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The gravity effect of the body tides can be computed
to an accuracy of about 3 nm/s2 on the basis of an Earth
model determined from seismology. On the other hand, the
direct attraction and loading effect of the ocean tides are less
precise due to inaccuracies in the ocean tide models. It is
thus difficult to assess the uncertainty of the tidal prediction
itself. The best practice is to model the full tidal signal. This
method consists of observing the gravity tides with a well
calibrated gravity meter. From these observations, the tidal
waves amplitude and phases (their number depending on the
length of the recordings) are estimated in a least-square’s
adjustment. The amplitudes and phases can be then used
to predict the tides in combination with the tidal generating
potential, so-called synthetic tides.

In a recent study, Ducarme (2009) demonstrated that
in the best case the accuracy of tidal predictions that are
based on observations of 5 � 10�4 (i.e. 1.25 nm/s2) is “the
limit of accuracy using long time series of observations of
regularly calibrated instruments”. The contribution of the
present paper is to provide the best tidal prediction at the
BIPM site using 6-months of continuous data from a well
calibrated relative spring gravimeter. The precision of the
observed tidal parameters is evaluated by comparing the
observations with Earth tides and ocean tidal loading models.

To illustrate how precisely gravity can be predicted, we
investigate the tide-free observations from the Walferdange
superconducting gravimeter OSG-040. The residual gravity
signal after subtracting the tides can be explained in terms of
atmospheric pressure effects, the variation of the centrifugal
acceleration due to the polar motion and attraction and
loading effects caused by variations in the regional water
storage. We find that the residuals (after removing a tidal
prediction) of the observed gravity is less than 20 nm/s2.
Although this value is twice our original target, it is sufficient
for the Watt Balance Experiment.

2 Observations

Before installing the spring gravimeter gPhone#032 at the
BIPM, the instrument was operated in Walferdange (Lux-
embourg) side-by-side with the superconducting gravimeter
(SG) OSG-040. The SG has been calibrated with respect
to the absolute gravimeter FG5#216 with a precision of
0.1 %. The calibration factor of the gPhone was estimated
by comparing with the SG data of the same precision. After
the BIPM observations, the gPhone calibration was again
checked against the SG in Walferdange. The comparison
showed that the calibration factor of the gPhone did not
change.

The gPhone#032 observed gravity continuously on the
B pillar at the BIPM from 01-04-2010 to 11-10-2010. The
instrument was installed on a tripod (Fig. 1) built in our

Fig. 1 The spring gravimeter gPhone#032 on its tilt controlled tripod
and electronics

Fig. 2 (a) Raw gravity data of the gPhone#032 spring gravimeter;
(b) atmospheric pressure observations. Both records from the BIPM
(Paris, France) from 01-04-2010 to 11-10-2010

laboratory. The tripod is able to maintain the verticality of the
gravimeter. Unfortunately, the tilt control system failed at the
end of August 2011 for some unknown reason. As a result,
4 days of observations were lost. This has a minor effect on
the tidal results as the software we used, ETERNA (Wenzel
1996) is designed to process discontinued time series. The
top panel of Fig. 2 shows the 187-day record of the raw
gravity data; the bottom panel shows the local atmospheric
pressure observations. The gravity record shows a small
quasi-linear instrumental drift of about 4 nm/s2/day. This
drift will not affect the tidal analysis as the raw data are high-
pass filtered before adjusting the observations for the tidal
harmonic components.

3 Tidal Analysis

The raw 1-s data (Fig. 2a) were edited for spikes and other
non-tidal disturbances primarily due to earthquakes using
Tsoft (van Camp and Vauterin 2005). The corrected data
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Table 1 Tidal parameters at BIPM (Sèvres, France) estimated using 187-days of observations taken with the gPhone#032 (from 01/04/2010 to
11/10/2010)

Start frequency End frequency Amplitude Amplitude Standard Phase lead Standard deviation
Wave (cpd) (cpd) (nm/s2) factor deviation (degree) (degree)

Q1 0.721500 0.906315 67:514 1.1453 0.0007 �0:48 0.04

O1 0.921941 0.940487 351:958 1.1431 0.0001 0:04 0.01

M1 0.958085 0.974188 27:690 1.1435 0.0014 0:25 0.08

P1 0.989049 0.998028 164:033 1.1450 0.0003 0:32 0.02

K1 0.999853 1.011099 490:796 1.1334 0.0001 0:43 0.01

J1 1.013689 1.044800 27:908 1.1525 0.0018 0:28 0.10

OO1 1.064841 1.216397 15:300 1.1549 0.0026 �0:01 0.15

2N2 1.719381 1.872142 11:200 1.1249 0.0032 4:02 0.18

N2 1.888387 1.906462 72:017 1.1551 0.0006 4:00 0.04

M2 1.923766 1.942754 385:481 1.1838 0.0001 3:24 0.01

L2 1.958233 1.976926 10:348 1.1242 0.0060 2:98 0.34

S2 1.991787 2.002885 180:745 1.1930 0.0003 1:25 0.02

K2 2.003032 2.182843 49:231 1.1955 0.0009 1:55 0.05

were then decimated to hourly data by applying a low-pass
filter with a cutoff period of 2 h. An Earth tidal analysis
was performed using the ETERNA software in which the
tidal parameters, the amplitude factor (delta factor) and phase
(alpha), are estimated simultaneously with the barometric
admittance factor.

The results of the tidal analysis are presented in Table 1.
Due to the limited length of the time series, it was possible
to recover only 13 tidal waves in the diurnal and semidiurnal
bands. For the other tidal bands, including the long-period
band, one must rely on modeled tidal parameters. In Sèvres,
the long-period gravity tidal signal varies between �100 and
C50 nm/s2. Assuming an uncertainty of 1 % (Ducarme et al.
2004), the uncertainty on the tidal prediction is less than
1 nm/s2.

The tidal analysis also provides an estimate of the error
on the amplitude and phase determined for the different
waves. For the waves with the larger amplitude, the one-
sigma uncertainty on the amplitude factor is less than 0.02 %.
Figure 3 shows the synthetic tides (top panel) and their
associated 2-sigma uncertainty (bottom panel) for 1 month at
Sèvres. The uncertainty is time dependent and varies between
�0.6 and 0.5 nm/s2 for a tidal signal that ranges between
C/�1,000 nm/s2. As the precision of the calibration factor
is 0.1 %, the associated error can reach up to 2 nm/s2.
This result means that the precision of the tidal prediction
is completely dependent on the precision of the gravimeter
calibration.

In Table 2, the observed tidal parameters are compared
with the sum of an elastic oceanless body tide Earth model
and a calculated oceanic attraction and loading effect. The
final residuals for the main waves are around a few nm/s2,
which is the best one could achieve (see Ducarme 2009, for
example).

Fig. 3 (a) One month of predicted gravity tides for the BIPM in Sèvres;
(b) the associated 2-sigma uncertainty determined using the observed
tidal parameters. Note the scale difference between the top and bottom
panels

In Fig. 4, the observed tidal factors are compared with
the state-of-the art theoretical tides model of Dehant et al.
(1999). Two different oceanic tides models were used to cal-
culate the oceanic loading effect. From Fig. 4, we conclude
that the CSR3.0 (Eanes and Bettadpur 1995) model provides
an almost perfect match with the observations. The FES2004
(Lyard et al. 2006) model provides systematically low delta
factors. The results in Fig. 4 demonstrate the difficulty of
selecting the correct ocean tides model particularly if no
gravity observations are available to validate the choice.

One might argue that the calibration factor used for
the gravity meter is too high. By lowering the calibration,
the FES2004 model would fit the observations better than the
CSR3.0. The only response, as stressed in Ducarme (2009),
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Table 2 A(A,’) is the observed tidal response; R (R,0) elastic oceanless Earth model response (calculated); B(B, “) D A-R; L(L,œ) oceanic
attraction and loading vector (calculated with the CSR3.0 ocean tides model); X(X,¦) D B–L D A–R–L is the final residue vector

Wave A (nm/s2) ’ (degree) R (nm/s2) B (nm/s2) “ (degree) L (nm/s2) œ (degree) X (nm/s2) ¦ (degree)

Q1 67:51 �0:48 68:1 0:8 �133:6 0:8 246:2 0.3 141:5

O1 351:96 0:04 355:4 3:5 175:5 2:3 167:8 1.3 �170:6

P1 164:03 0:32 164:7 1:1 123:2 1:4 83:3 0.9 �146:0

K1 490:80 0:43 491:3 3:7 98:0 4:2 75:8 1.6 �165:2

N2 72:02 4:00 72:39 5:1 96:9 4:9 91:0 0.5 166:4

M2 385:48 3:24 378:3 22:7 73:4 21:8 73:5 0.9 71:9

S2 180:75 1:25 176:1 6:1 40:2 7:3 45:0 1.3 �112:4

K2 49:23 1:55 47:9 1:9 44:4 1:9 43:5 0.0 139:3

The other waves are not considered here as ocean tides models are not available for those. A graphical representation of these parameters can be
found in Melchior (1983)

Fig. 4 Observed tidal parameters (black dots) at the BIPM estimated
from the analysis of 187-day record of the gPhone#032. The red and
blue dots are the observed delta factors corrected for ocean loading
and attraction using the FES2004 and CSR3.0 oceanic tides models,
respectively. The blue line represents the Dehant et al. (1999) Earth tide
model

is to have an independently and well-calibrated gravimeter as
was the case for this experiment (see Sect. 2).

4 Discussion

In this section, we investigate the potential benefit on the
estimate of the tidal parameters due to increasing the duration
of the gravity observations. For this analysis, we use 4-years
of data from the superconducting gravimeter in Walferdange.
We compare the synthetic tides generated with the tidal
parameters estimated from 6-month with those estimated
from 4-year of observations, respectively. The differences,
Fig. 5, are around C/�1 nm/s2. However, it is interesting to
note that the uncertainties calculated from the a posteriori
errors (i.e. columns 6 and 8 from Table 1) of the tidal analysis
are too optimistic.

Fig. 5 (a) The difference between Earth tides predicted using the
observed tidal parameters estimated using 6 months of data and 4 years
of data from the superconducting gravimeter in Walferdange (Luxem-
bourg); (b) the uncertainties (2-sigma) of both predictions (6-month in
green, 4-year in red) using the a posteriori errors (columns 6 and 8 from
Table 1) of the tidal analysis

The same SG data from Walferdange (Fig. 6) are used to
determine how precisely the g value can be predicted. First,
the raw observations are corrected for a synthetic tide, the
atmospheric pressure effect (using an admittance factor of
3 nm/s2 per mbar), and polar motion using the pole position
published by the IERS (REF). The order of magnitude
of each of these corrections is: C1,000 to �1,500 nm/s2,
C60 to �100 nm/s2 and C40 to �40 nm/s2, respectively.
The gravity residuals after applying the above corrections
vary between C40 and �60 nm/s2. The variability of the
regional water storage is the main contributor to these
residual gravity signals. Lampitelli and Francis (2009)
developed a simple model based on rain gauge observations
to estimate gravity variations due to this component. The
water storage effect varies from �10 to �80 nm/s2. The
final residuals—corresponding to the precision obtained on
the prediction of g—vary between �20 and C20 nm/s2.
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Fig. 6 (a) Raw gravity observations from the superconducting
gravimeter in Walferdange (Luxembourg); (b) synthetic tides using
observed tidal parameters; (c) atmospheric pressure effect; (d) polar
motion effect; (e) regional water storage effect estimated using rain
gauge data (Lampitelli and Francis 2009); (f) the residuals with (red)
and without (green) the water storage correction

The residuals could be further reduced up to some 10 nm/s2

by calculating the atmospheric effect using a three-
dimensional atmospheric pressure model (Neumeyer et al.
2004). However, this requires far more computation time.

5 Conclusions

Tidal parameters obtained with the gPhone#032 are a
factor 10 more precise than previous determinations of
tidal parameters obtained with the LaCoste-Romberg 906
spring gravimeter (Robertsson et al. 2001). In addition, our
results are closer to Earth tide models and the attraction
and loading of the ocean tides. This result is due to a
more stable and accurate temperature control of the gravity
sensor, improvements in the instrument electronics, a careful
calibration of the gravimeter and the tilt compensation of

the gravimeter using our in-house tripod. We show that
6 months of continuous gravity observations provide us with
tidal parameters that are sufficiently accurate to allow us
to predict the tides with a precision of a few nm/s2. The
dominant source of uncertainty is the error on the calibration
factor that is determined in the best case with a relative
precision of 10�3.

Using SG observations from the gravity station in Walfer-
dange, we demonstrate that it is possible to predict the
g-value with a precision of C/�20 nm/s2 from: (1) reliable
observed tidal parameters; (2) continuous measurements of
the atmospheric pressure at the site; (3) the pole position as
published by the IERS (Petit and Luzum 2010); and, (4) a
comprehensive regional water storage model (as for example
those presented in Lampitelli and Francis 2009 or Van Camp
et al. 2006).

Overall, our gravity tide prediction that is based on
observed tidal parameters attains a precision of 10 nm/s2.
The limiting factor in the precision of the prediction is
the precision of calibration factor of the spring gravimeter.
However, the models for predicting other geophysical signals
(like water storage effects) still do not reach that level.
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