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S U M M A R Y
O1 and M2 observations from well-calibrated spring gravimeters and superconducting
gravimeters from the Global Geodynamics Project (GGP) are used to test models of the
Earth’s body tide and 10 ocean tide models. It is shown that some of the ocean tide mod-
els give anomalous results in various parts of the world. For example, the Schwiderski ocean
tide model gives discrepancies in several areas and the FES series of ocean tide models have
problems in the western Pacific (China, Japan and Australia). The majority of the high-quality
tidal gravity measurements in Europe are in close agreement with the Dehant, Defraigne and
Wahr (DDW) elastic and inelastic body tide models. The gravimetric factors for the DDW
elastic and inelastic models only differ by 0.12 per cent and the present calibration accuracy
does not allow us to distinguish between these models, but does reduce the previous upper
bound on inelastic gravimetric factors. The European observations give a phase lag of a few
hundredths of a degree for the O1 body gravity tide, which is consistent with the Mathews
inelastic body tide model. At some European and worldwide stations the gravimetric factors
differ by up to 0.3 per cent from the DDW model and it is suggested that further checks on
the gravimeter calibrations are required. Accurate determinations of instrumental phase lags
are now easier to achieve and the imaginary (out-of-phase) component of tidal gravity can be
used for accurate tests of this component of ocean tide models.
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1 I N T RO D U C T I O N

The interpretation of tidal gravity measurements has always been
closely linked with the improvement of ocean tide models. When
ocean tide models were relatively poor, it was usually assumed that
the Earth’s body tide was well known from Earth models avail-
able from seismology. The tidal gravity body tide for a particular
tidal harmonic was then subtracted from the observed tidal grav-
ity harmonic in order to test the ocean tide models (e.g. Farrell
1972b; Baker 1980). Later, with the improvement of ocean tide
models following the availability of TOPEX/POSEIDON altime-
try data, tidal gravity measurements at sites at large distances from
the ocean and therefore with a relatively small ocean tide loading,
were used for testing body tide models (Baker et al. 1996). In the
present work we use tidal gravity observations from spring gravime-
ters and superconducting gravimeters from the Global Geodynamics
Project (Crossley et al. 1999; Hinderer & Crossley 2000), at various
distances from the oceans, to test the latest body and ocean tide
models. In the next two sections we briefly summarize these model
developments.

∗Now at: DEOS, Thijsseweg 11, 2629 JA Delft, The Netherlands.

Most of the available tidal gravity observations are from mid-
latitude stations. At these latitudes the O1 body tide amplitude is
typically in the range 25–35 µGal and the M2 body tide amplitude
is typically in the range 20–70 µGal. Since the ocean tide loading is
normally only a few tenths of a µGal up to 3 µGal, it is usually a small
fraction of the total signal. This means that any observational error
caused by the gravimeter calibration or phase lag determination may
be a small fraction of the total signal, but is considerably amplified
as a fraction of the ocean tide loading component. In general, in
order to provide useful tests of ocean tide models, a calibration
accuracy of 0.1 per cent is required and an equivalent accuracy
for the phase lag determination, which is 0.057◦. The semi-diurnal
body tide amplitudes are zero at the poles and the diurnal body tide
amplitudes are zero at the poles and the equator. Near these specific
latitudes, the gravimeter calibration is not so critical and useful tests
of ocean tide models can be made even with a calibration uncertainty
of the order of 1 per cent (Agnew 1995; Bos et al. 2002).

Wahr & Bergen (1986) showed that dispersion of the Love num-
bers arising from the Earth’s inelasticity could increase the semi-
diurnal and diurnal gravimetric factors by at most 0.36 per cent. It
therefore follows that a calibration accuracy of 0.1 per cent, or better,
is also required for testing body tide models (see Section 2). Most of
the tidal gravity observations in the International Centre for Earth
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Tides (ICET) databank (Melchior 1994) were made with astatized
spring gravimeters and have a calibration uncertainty of the order
of ±1 per cent (see Melchior & Francis 1998) for a recent review
of tidal gravity observations in the ICET databank). The errors of
the majority of observations in the ICET databank are an important
limitation when trying to use the databank for testing ocean tide
models. Llubes & Mazzega (1997) and Melchior & Francis (1996)
found that unexplained residuals, with standard deviations of the
order of 0.3–0.6 µGal for O1 and M2, remained after using various
ocean tide models for the ocean tide loading computations. Many
of the problems with astatized gravimeters are caused by hysteresis
and a sensitivity that depends critically upon tilts of the gravimeter
along the direction of the mass. These problems can be avoided by
continuously nulling the mass using electrostatic feedback. Because
of the importance of calibration for both spring and superconducting
gravimeters, calibration methods are reviewed in Section 4.

2 B O DY T I D E M O D E L S

The latest models of the Earth’s body tides use the radial pro-
files of the spherically averaged density and elastic parameters of
the Preliminary Reference Earth Model (PREM) of Dziewonski &
Anderson (1981). The body tide computed for an ellipsoidal, rotat-
ing Earth in hydrostatic equilibrium using the PREM model (with
modification of the surface layer) was used as a benchmark for inter-
comparison of different computer models and resolving the previ-
ous discrepancies between the results of different modellers (Dehant
1998). Dehant et al. (1999) give Love numbers and gravimetric fac-
tors for this elastic, hydrostatic model and we call this the DDW
elastic model. They also give model results for an inelastic, non-
hydrostatic model (called henceforth the DDW inelastic model). In
this model they increased the flattening of the core–mantle boundary
by 500 m in order to obtain a frequency for the free core nutation that
is in agreement with observations of luni-solar nutations and tidal
gravity measurements. Over the past few years, the measurements
of the tidal gravity harmonics near K1 have been used to determine
the period and damping of the free core nutation (for a recent review
of these measurements see Hinderer & Crossley 2000).

There is considerable interest in determining the inelasticity of
the Earth at tidal periods, but observational evidence is very limited
(Wahr & Bergen 1986). Usually a seismic Q model is used and it
is assumed that Q varies with frequency to the power α between a
reference period and tidal periods. Neither the reference period nor
the value of α are well constrained by observations. Dehant et al.
(1999) and Mathews et al. (1997) use the seismic Q values at 300 s
from the model of Widmer et al. (1991) and α = 0.15. Mathews et al.
(1997) also show the effects on the Love numbers of using a range
of values of α and reference periods of 1, 200 and 300 s. Baker et al.
(1996) showed that an earlier body tide model of Dehant, using a Q
model with a reference period of 1 s and α = 0.15, gave an increase
in the gravimetric factor that was too large to be consistent with tidal
gravity observations in central Europe.

Models have been developed that allow for departures from later-
ally homogeneous, layered Earth models. Wang (1991) and Kopaev
& Kuznetsov (2000) used models for lateral heterogeneities up to
degree and order eight from seismic tomography. They found that
the departures of the gravimetric factors from those for the PREM
model are only up to a maximum of ±0.05 per cent. Only for the
case where there is very significant amplification owing to disper-
sion between seismic and tidal frequencies can the effects be of the
order of 0.1 µGal (Wang 1991). Although claims have been made

that some tidal gravity observations show evidence of the effects of
lateral heterogeneities or correlations with heat flow, this evidence
has been strongly disputed (see Zürn 1997, for a recent review).

3 O C E A N T I D E M O D E L S

Numerical models of ocean tides using Laplace’s tidal equations,
and including the effects of friction, ocean self-attraction and the
loading deformation of the ocean bottom were extensively devel-
oped from the late 1960s to 1980. However, these models were only
in general qualitative agreement with ocean tide observations and
were not accurate enough for use in geophysical work. This was
mainly caused by the models having only a relatively coarse res-
olution (e.g. 1 × 1 deg) and therefore inadequately modelling the
main areas of tidal dissipation in shallow seas. In order to improve
the ocean tide models, it was necessary to constrain them to fit
coastal tide gauge observations. The 1 × 1 deg ocean tide model of
Schwiderski (1980) used a method called hydrodynamic interpola-
tion in order to constrain the model to a large number of coastal and
island tide gauge observations and some ocean bottom tide gauges.
The Schwiderski (SCHW) model solutions have been used as a stan-
dard in geophysical work for many years and hence have been used
in the present work.

The problem of resolution of numerical ocean tide models led to
the development of finite-element hydrodynamic models. Le Provost
et al. (1994) developed the FES94.1 model, which used a finite-
element mesh of 200 km in the deep ocean reducing to 10 km in
coastal areas. The FES94.1 model is only constrained by observa-
tions at ocean domain boundaries, but gives an improved agree-
ment with tide gauge observations in many areas compared with
the Schwiderski model. Nevertheless, the availability of precise al-
timetry data from the TOPEX/POSEIDON (T/P) satellite showed
that FES94.1 had broad scale errors in several areas of the deep
ocean. Once again this led to the development of ocean tide models
constrained by observations (satellite altimetry and/or tide gauges).
Over the next few years many new ocean tide models were developed
using the TOPEX/POSEIDON observations (for a recent review see
Le Provost 2001).

The University of Texas ocean tide model CSR3.0 (Eanes &
Bettadpur 1996) uses a response analysis of 2.4 yr of T/P data
to find long-wavelength corrections to the FES94 hydrodynamic
model. The model is available on a 0.5 × 0.5 deg grid and so pre-
serves the fine details of the FES94.1 model, whilst being more
accurate at longer wavelengths. CSR4.0 is a recent update of this
model using a longer T/P data set. Outside the ±66◦ latitudes cov-
ered by T/P, these models default to the FES94.1 solution. FES95.2
(Le Provost et al. 1998) assimilates (using a representer approach)
an earlier version of the Texas altimetry solution (CSR2.0), sam-
pled for ocean depths greater than 1000 m, into the FES94.1 model.
Accuracy tests show that the tidal models that use T/P altimetry
data agree with in situ observations in the deep ocean to within a
few centimetres for the total tide (Le Provost 2001). However, in
shallow areas differences between the models can be over 50 cm.
The spacing of the altimeter ground tracks (2.83◦) makes it more
difficult to accurately extract the tides over the shallow areas where
the tides are larger and the spatial scales much smaller than in the
deep ocean. Lefèvre et al. (2000a) therefore developed an improved
finite-element model, FES98, which assimilated harmonics from
approximately 700 coastal, island and deep ocean tide gauges. The
model is completely independent of satellite altimetry data and is
more accurate on the continental shelves than the previous FES
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models (the rms against a largely independent set of 727 coastal tide
gauges is 11 cm for M2 compared with 22 cm for FES95.2). The
new FES99 model (Lefèvre et al. 2002) computes five semi-diurnal
and three diurnal harmonics using the representer method to assim-
ilate observations from approximately 700 coastal tide gauges and
687 T/P altimeter crossover points in the deep ocean. An uncon-
strained version of the hydrodynamic finite-element model disagrees
with open ocean tide gauge measurements by 30–40 per cent for
these harmonics, which shows the necessity of assimilating altime-
try and tide gauge data. Accuracy tests show that FES99 is more
accurate than the previous FES models, both in the deep oceans and
along the global coastlines (Lefèvre et al. 2002).

TPXO.5 is the latest version of the ocean tide model of Egbert
et al. (1994). This model uses the linearized hydrodynamic equa-
tions and the representer method to assimilate T/P crossover data.
The GOT99.2b ocean tide model (Ray 1999) uses harmonic analysis
of 6 yr of T/P altimetry data to give corrections to a 0.5 × 0.5 deg
prior model. The major part of the prior model is the FES94.1 hydro-
dynamic model (as is the case for the CSR3.0 and CSR4.0 models)
but this is supplemented by local tidal models in the Gulf of Maine
and Gulf of St Lawrence, the Persian Gulf and the Mediterranean and
Red Seas. The NAO99b ocean tide model (Matsumoto et al. 2000)
assimilated 5 yr of T/P data into a 0.5 × 0.5 deg global hydrody-
namic model. Special attention was given to obtaining improved
solutions in shallow areas by tidal analysis of T/P altimeter data in
0.5◦ bins along the ground tracks. These were then assimilated into
the hydrodynamic model at each time step using a blending method.
Tests using shallow water tide gauges and altimeter residuals were
then used to show that NAO99b is more accurate in shallow seas
than CSR4.0 or GOT99.2b.

4 C A L I B R AT I O N O F T I DA L
G R AV I M E T E R S

In Section 1 it was shown that accurate amplitude and phase
calibrations of tidal gravimeters are essential in using the ob-
servations for testing ocean tide or body tide models. Moore &
Farrell (1970) pointed out that an amplitude calibration accuracy of
0.1 per cent is required, but many of the observations over the past
30 yr have failed to achieve this accuracy. Calibration of instru-
mental phase lags is equally important (on a phasor plot a 0.057◦

error in phase is equivalent to a 0.1 per cent error in amplitude), but
this has not always received sufficient attention. For these levels of
accuracy, the manufacturer’s calibrations are insufficient. Even the
LaCoste and Romberg ET (LCR ET) continuously nulling gravime-
ters, which were specifically designed for Earth tide measurements,
do not meet the required accuracy. Baker (1980) showed that the
measuring screw calibrations of LCR ET13 and ET15 differed by
0.5 per cent. In order to improve the accuracy of the measuring screw
calibrations to 0.1 per cent, ET13, ET15 and ET10 were recalibrated
on the vertical calibration line at the University of Hannover (Baker
et al. 1989, 1991). This line is in a 19 storey building and was set
up using many LCR G and D gravimeters and tied into absolute
gravity stations (Kanngiesser & Torge 1981). Tidal gravity obser-
vations with ET13 and ET15 in Europe were then used to show that
the ‘standard’ calibration used by the International Centre for Earth
Tides (ICET) for worldwide tidal gravity measurements was 1.2 per
cent too high. This led to the renormalization of the 305 worldwide
tidal gravity observations in the ICET databank, but the calibra-
tion/sensitivity errors at individual stations are still of the order of
±1 per cent (Melchior 1994).

Superconducting gravimeters are very precise instruments, but
their output is in volts and therefore an accurate calibration of the
amplitude (and phase) is still required. In general these instruments
are not portable enough for measuring on calibration lines. This has
led to the development of in situ calibration methods (Richter 1995).
The method that has received the most attention over the past few
years and is now used at most GGP stations is parallel recording with
an absolute gravimeter. Originally the JILAG absolute gravimeters
were used, but the results were only accurate to between 0.3 and 1 per
cent (Hinderer & Crossley 2000). However, the development of the
new FG5 absolute gravimeter has now allowed improved accuracies
to be achieved. Francis et al. (1998) used 9 d of parallel recording
of an FG5 absolute gravimeter and a superconducting gravimeter at
the quiet site at Table Mountain Gravity Observatory near Boulder,
USA to show that at least 5 d of observations are required in order
to achieve an accuracy of 0.1 per cent. However, in a recent review
Meurers (2001) showed that most of the reported calibration ac-
curacies using absolute gravimeters at superconducting gravimeter
stations are in the range 0.1–0.4 per cent.

Experiments have been performed with large moving masses for
calibration of both LCR and superconducting gravimeters (Richter
1995). A 273 kg mass in the form of a ring, which produces a gravity
change of 6.7 µGal, has been used to calibrate the superconduct-
ing gravimeter at Brasimone in Italy to an accuracy of 0.3 per cent
(Achilli et al. 1995). A sinusoidal acceleration system for calibrating
LCR and superconducting gravimeters has been developed (Richter
et al. 1995). The foot screws of the superconducting gravimeter are
driven through a range of 20 mm with periods from 200 to 2400 s
with careful control using a digital feedback system. The calibration
factor at zero frequency can then be found to an accuracy of 0.1 per
cent (Richter et al. 1995). The sinusoidal acceleration system has
been used for calibrating the dual-sphere superconducting gravime-
ter SG CD029 at Wettzell (Harnisch et al. 2000) and SG C024 at
Boulder. The calibration of SG C024 using the parallel recording
with the FG5 absolute gravimeter agrees with the calibration using
the acceleration system to within 0.1 per cent (Francis et al. 1998).

In recent years improved methods for determining the instrumen-
tal phase lags arising from the feedback, filters and data acquisition
system have been developed (Wenzel 1994). Either step functions
or sine wave voltages are injected into the feedback loop in order to
find the transfer function of the instrument. Van Camp et al. (2000)
performed experiments on the superconducting gravimeter at Mem-
bach, Belgium, and showed that the time lags could be determined
to an accuracy of 0.01 s, which is equivalent to better than 0.0001◦

at semi-diurnal periods.

5 E U RO P E A N R E S U LT S : S P R I N G
G R AV I M E T E R S

5.1 Observations

Compared with other continents, a very large number of tidal gravity
observations are available in Europe. However, there are very few
available with a clearly documented account of the methods used
and accuracies achieved for independent checks on calibrations and
on instrumental phase lags. For the present work, observations from
eight sites in central Europe have been used (see Table 1). The table
shows the gravimeters used at each site and the calibration lines
that were used in order to improve the calibrations. The references
shown should be consulted in order to obtain full information on the
measurements, including calibration and sensitivity tests, phase lag
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Table 1. European spring gravimeter stations.

Site Gravimeter Calibration line Reference

Chur ET13 Hannover Baker et al. (1991)
Zurich ET13 Hannover Baker et al. (1991)
Schiltach ET19 Hannover Wenzel et al. (1991)
Karlsruhe G156/249SRW Hannover Wenzel (1996)
B. Homburg ET15 Hannover & Wuhan Baker et al. (1991)
Pecny A GS15-228 Czech Broz & Simon (1997)
Hannover G/D SRW Hannover & Hornisgrinde Timmen & Wenzel (1994)
Potsdam ET16 Wuhan Dittfeld et al. (1993)

determinations and the associated errors. The observations at Chur,
Zurich and Bad Homburg are described in Baker et al. (1989) and
more fully in Baker et al. (1991). The measurements were made
with LCR ET13 and ET15, which had earlier been converted to
continuously nulling gravimeters using electrostatic feedback. As
discussed above, the manufacturer’s measuring screw calibrations
were improved to an accuracy of 0.1 per cent using the vertical
calibration line at Hannover. The calibration of ET15 was also con-
firmed to within 0.1 per cent using the 5.7 mGal vertical baseline
at the Institute of Geodesy and Geophysics in Wuhan, China (Hsu
et al. 1991).

Observations made with two other LCR ET gravimeters with
electrostatic feedback were also used in the present work (Table 1).
ET19 at the Black Forest Observatory, Schiltach, Germany, was
calibrated using parallel recording with two feedback gravimeters,
which had been calibrated on the Hannover vertical baseline (Wenzel
et al. 1991). The measurements at Potsdam were made with ET16
following its recalibration on the Wuhan vertical baseline (Dittfeld
et al. 1993).

The tidal gravity observations at Hannover were made with three
LCR model G gravimeters (079, 087 and 995) and LCR D014,
which had all been converted to continuously nulling gravimeters
using SRW electrostatic feedback (Timmen & Wenzel 1994). These
gravimeters were again calibrated on the Hannover vertical baseline.
In addition, Timmen & Wenzel (1994) used tidal gravity observa-
tions made with LCR G299 with electromagnetic feedback. This
instrument had been calibrated on the independent Hornisgrinde,
Black Forest, baseline that was set up using absolute gravimeters.
The tidal gravity observations at Karlsruhe (Wenzel 1996) were
made using LCR G156 and G249, which have SRW electrostatic
feedback systems and were calibrated on the Hannover vertical
baseline.

We also use the observations at Pecny, Czech Republic, made
with the Askania gravimeter Gs15-228 (Broz & Simon 1997). This

Table 2. O1 gravimetric factors and phases: observed and observed corrected using three recent
ocean tide models (local phases, in brackets, in degrees with lags negative).

Site O1 observed Corrected using Corrected using Corrected using
GOT 99.2b NAO 99b FES 99

Chur 1.1473 (0.02) 1.1514 (−0.09) 1.1512 (−0.11) 1.1517 (−0.07)
Zurich 1.1477 (0.02) 1.1520 (−0.08) 1.1518 (−0.10) 1.1522 (−0.07)
Schiltach 1.1470 (0.07) 1.1513 (−0.04) 1.1512 (−0.06) 1.1515 (−0.02)
Karlsruhe 1.1485 (0.09) 1.1527 (−0.03) 1.1526 (−0.05) 1.1530 (−0.01)
B. Homburg 1.1478 (0.06) 1.1519 (−0.07) 1.1518 (−0.09) 1.1521 (−0.06)
Pecny 1.1491 (0.09) 1.1528 (−0.04) 1.1528 (−0.06) 1.1532 (−0.03)
Hannover 1.1499 (0.15) 1.1537 (0.01) 1.1536 (−0.02) 1.1540 (0.01)
Potsdam 1.1477 (0.17) 1.1517 (0.01) 1.1517 (−0.01) 1.1520 (0.02)

Mean 1.1522 (−0.04) 1.1521 (−0.06) 1.1525 (−0.03)
Std. dev. 0.0008 (0.04) 0.0008 (0.04) 0.0009 (0.04)

gravimeter was equipped with a new digital recording system, which
eliminated the phase lag arising from the analogue recording of the
observations that we used in our previous paper (Baker et al. 1996).
The gravimeter was calibrated on the Czech gravity baseline and
a very careful series of tests were made in order to eliminate the
internal non-linearities that normally affect observations with these
gravimeters (Simon & Broz 1993).

From Table 1 it can be seen that altogether four different gravime-
ter calibration lines have been used in order to improve the manu-
facturer’s calibrations of the gravimeters used in the present work.
The typical error in the calibrations given in the above papers is
±0.1 per cent rms. The rms noise errors as determined from least-
squares tidal analyses are typically ±0.04 per cent (±0.02◦) for M2
and ±0.07 per cent (±0.04◦) for O1. The total rms errors are of the
order of ±0.12 per cent for the M2 and O1 amplitudes. The instru-
mental phase lags caused by the feedback and filters are normally
determined using step response tests and the errors in determining
these phase lags are combined with the above noise errors in order
to give the total phase errors. The quoted total rms phase errors are
typically in the range ±0.03◦–0.05◦.

5.2 Testing body and ocean tide models

The observed O1 and M2 gravimetric factors and phases for the
eight central European sites are given in Tables 2 and 3. In order
to test the latest models of the Earth’s body tide, the observations
have to be corrected for ocean tide loading and attraction. Over the
past few years many new ocean tide models have become available
(see Section 3). We have used nine of these new models (plus the
Schwiderski ocean tide model, which was used as a standard for
many years). The range of ocean tide models allows an assessment
to be made of the effects of the remaining uncertainties in ocean
tides on the corrected observed gravimetric factors. The ocean tide
model for a particular tidal harmonic is convolved with the Green’s
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Table 3. M2 gravimetric factors and phases: observed and observed corrected using three recent
ocean tide models (local phases in degrees, lags negative).

Site M2 observed Corrected using Corrected using Corrected using
GOT 99.2b NAO 99b FES 99

Chur 1.1828 (1.74) 1.1598 (−0.02) 1.1600 (0.00) 1.1601 (−0.03)
Zurich 1.1842 (1.86) 1.1601 (−0.10) 1.1603 (−0.07) 1.1605 (−0.11)
Schiltach 1.1848 (2.06) 1.1596 (0.04) 1.1596 (0.09) 1.1600 (0.05)
Karlsruhe 1.1868 (2.02) 1.1610 (0.02) 1.1610 (0.07) 1.1616 (0.03)
B. Homburg 1.1869 (1.96) 1.1602 (0.00) 1.1601 (0.07) 1.1612 (0.03)
Pecny 1.1839 (1.22) 1.1609 (0.00) 1.1609 (0.02) 1.1613 (0.00)
Hannover 1.1865 (1.68) 1.1617 (−0.02) 1.1617 (0.13) 1.1638 (0.08)
Postdam 1.1845 (1.39) 1.1606 (0.02) 1.1604 (0.06) 1.1615 (0.03)

Mean 1.1605 (−0.01) 1.1605 (0.05) 1.1613 (0.01)
Std. dev. 0.0007 (0.04) 0.0007 (0.06) 0.0012 (0.06)

function, G, for the Preliminary Reference Earth Model to give the
ocean tide loading (plus attraction), L, at the gravity station, which
has a position vector r, i.e.

L(r) = ρ

∫ ∫
G(|r − r′|)Z(r′) dA (1)

This is a global integral over the surface of the oceans, where ρ is
the density of sea water and Z is the ocean tide amplitude at position
vector r′. Since the ocean tide harmonic is periodic, it is convenient
to use a complex ocean tide amplitude Z (and complex loading
L). The real component of eq. (1) is then the part that is in phase
with the tidal potential and the imaginary component is the part

Stations

CHU ZUR BFO KAR PEC BHO HAN POT

O1 PREM

α=0.15

1.150
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1.154

1.156

Gravimetric factors
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α=0.15
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SCHW
FES94.1
FES95.2
CSR3.0
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NAO.99b
GOT99.2b
FES98
FES99

Figure 1. M2 and O1 observed gravimetric factors corrected for ocean tide loading and attraction using 10 different ocean tide models. The theoretical body
tide gravimetric factors are shown for the DDW elastic PREM model and the DDW inelastic model (with α = 0.15). The observations are from the following
sites: Chur (CHU) and Zurich (ZUR) in Switzerland; Black Forest Observatory, Schiltach (BFO), Karlsruhe (KAR), Bad Homburg (BHO), Hannover (HAN)
and Potsdam (POT) in Germany; Pecny (PEC), Czech Republic.

in quadrature (out of phase) with the tidal potential. The gravity
Green’s function, G, has three components: the direct Newtonian
attraction of the ocean tide mass; the change in gravity arising from
the vertical displacement of the gravity station; and the change in
the Earth’s gravity field owing to the redistribution of mass in the
Earth (Farrell 1972a).

The M2 and O1 observed gravimetric factors corrected for ocean
tide loading and attraction using the 10 different ocean tide models
are shown in Fig. 1 and the corresponding corrected phases are
shown in Fig. 2. The theoretical gravimetric factors for the DDW
elastic PREM model and the DDW non-hydrostatic inelastic model
(Dehant et al. 1999) are shown in Fig. 1. The inelastic model uses
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Gravity phases
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Figure 2. M2 and O1 observed phases corrected for ocean tide loading and attraction using 10 different ocean tide models. The phases are with respect to the
tidal potential in the local meridian and phase leads are positive.

a frequency to the power αQ model, with α = 0.15 and the Q
model of Widmer et al. (1991) at the reference period of 300 s. It
can be seen that the inelastic model only increases the gravimetric
factors by 0.12 per cent. It should be noted that this is significantly
less than the corresponding increase shown in our previous paper
(Baker et al. 1996), which showed the results from a preliminary
version of the Dehant model, which used a reference period of 1 s
for the Q model. The effect of inelasticity is of the same order as
the calibration errors (typical observational error bars are shown
on the left-hand side of Fig. 1). These observations can be used to
reject models that give increases in the gravimetric factors owing to
inelasticity near the upper bounds found by Wahr & Bergen (1986),
i.e. over 0.3 per cent, but cannot be used to distinguish between the
elastic and inelastic models used here.

Tables 2 and 3 give the corrected gravimetric factors using three of
the most recent ocean tide models, GOT99.2b, NAO99b and FES99.
The tables also show the mean O1- and M2-corrected gravimetric
factors over the eight sites and the standard deviations. These stan-
dard deviations are of the same order as the above estimated cal-
ibration errors. The mean O1 gravimetric factors are in the range
1.1521–1.1525, whereas at these latitudes the DDW elastic O1 gravi-
metric factor is 1.1528 and the inelastic factor is 1.1543. The mean
M2 gravimetric factors are in the range 1.1605–1.1613, whereas the
DDW models give 1.1605 and 1.1619 for the elastic and inelastic
models, respectively.

In Fig. 1, the Schwiderski M2 ocean tide model clearly gives
anomalous results for Pecny, Bad Homburg, Hannover and Potsdam

compared with the other ocean tide models. This is caused by the
inadequate resolution of this 1 × 1 deg model in the North Sea
and the English Channel. It should be noted that in previous work
we have replaced the Schwiderski model with a regional model of
the tides on the northwestern European shelf. However, many pub-
lished papers have used the Schwiderski ocean tide model and the re-
sults shown here illustrate the problems with using this model, even
for stations in central Europe at relatively large distances from the
coast.

Figs 1 and 2 show that the Hannover M2-corrected amplitudes
and phases are relatively sensitive to the choice of ocean tide model.
This station is only approximately 170 km from the North Sea and
therefore the Hannover M2 results are not suitable for testing mod-
els of the Earth’s body tides. At all of the European tidal gravity
stations the remaining uncertainties in the M2 ocean tides are more
significant than is the case for the O1 ocean tide uncertainties. This
is particularly clear in Fig. 2, where it can be seen that the corrected
M2 phases using different ocean tide models have a greater spread
than the corresponding corrected O1 phases. This is caused by the
very small O1 ocean tide loading in central Europe, ∼0.15 µGal,
which is approximately a factor of 10 smaller than the M2 ocean tide
loading. The spread of corrected M2 phases in Fig. 2 can be used
to assess the various M2 ocean tide models. At all of the stations in
Germany it can be seen that TPXO.5 and NAO99b give corrected
M2 phase leads that are too high. The results for Hannover also
show that FES94.1 gives a corrected phase lag that is too high. The
results from the superconducting gravimeters in Europe, which will
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Table 4. O1 gravimetric factors and phases: observed and observed corrected using three recent
ocean tide models (local phases in degrees, lags negative).

Site O1 observed Corrected using Corrected using Corrected using
GOT 99.2b NAO 99b FES 99

Brasimone 1.1460 (0.06) 1.1498 (−0.09) 1.1493 (−0.10) 1.1500 (−0.07)
Medicina 1.1493 (0.17) 1.1535 (0.00) 1.1528 (−0.01) 1.1537 (0.03)
Vienna 1.1479 (0.10) 1.1516 (−0.02) 1.1515 (−0.05) 1.1519 (−0.02)
Strasbourg 1.1490 (0.08) 1.1533 (−0.03) 1.1533 (−0.05) 1.1536 (−0.01)
Wettzell (lo) 1.1485 (0.08) 1.1523 (−0.04) 1.1522 (−0.06) 1.1527 (−0.03)
Wettzell (up) 1.1500 (0.09) 1.1538 (−0.03) 1.1537 (−0.05) 1.1541 (−0.03)
Membach 1.1511 (0.07) 1.1550 (−0.07) 1.1550 (−0.09) 1.1552 (−0.05)
Brussels 1.1533 (0.06) 1.1568 (−0.09) 1.1568 (−0.13) 1.1569 (−0.07)
Potsdam 1.1498 (0.13) 1.1537 (−0.02) 1.1537 (−0.05) 1.1541 (−0.02)
Metsähovi 1.1532 (0.25) 1.1568 (0.02) 1.1576 (−0.10) 1.1573 (−0.01)

Mean 1.1533 (−0.02) 1.1532 (−0.06) 1.1536 (−0.02)
St. dev. 0.0011 (0.03) 0.0011 (0.03) 0.0011 (0.02)

be discussed in the next section, confirm that these three M2 models
give anomalous results in this area.

It is interesting to note that in Fig. 2, for the majority of ocean
tide models, the corrected O1 has a small phase lag for most of the
stations. Table 2 shows small O1 mean phase lags when GOT99.2b,
NAO99b and FES99 are used for the ocean tide loading corrections.
No similar phase lag for M2 is evident in Fig. 2 owing to the larger
spread of results when using different ocean tide models. We will
discuss the O1 phase lag further in Section 6.

6 E U RO P E A N R E S U LT S :
S U P E RC O N D U C T I N G G R AV I M E T E R S

Observational results are available for nine stations in Europe with
superconducting gravimeters that are taking part in the Global Geo-

Stations

BRA MED VIE STR WElo WEup MEM BRU POT MET

O1 PREM
α=0.15

1.148

1.152

1.156

Gravimetric factors

M2 PREM
α=0.15

1.156

1.160

1.164

1.168

SCHW
FES94.1
FES95.2
CSR3.0
CSR4.0

TPXO.5
NAO.99b
GOT99.2b
FES98
FES99

Figure 3. M2 and O1 observed gravimetric factors corrected for ocean tide loading and attraction using 10 different ocean tide models. The theoretical
body tide gravimetric factors are shown for the DDW elastic PREM model and the DDW inelastic model (with α = 0.15). The observations are from GGP
superconducting gravimeters at the following sites: Brasimone (BRA) and Medicina (MED) in Italy; Vienna (VIE) in Austria; Strasbourg (STR) in France;
Wettzell (WElo and WEup, where lo and up refer to the lower and upper sphere of the dual sphere SG) and Potsdam (POT) in Germany; Membach (MEM) and
Brussels (BRU) in Belgium; Metsähovi (MET) in Finland.

dynamics Project (GGP) (Crossley et al. 1999). These stations are
listed in Table 4. The methods used for amplitude and phase cali-
brations of superconducting gravimeters are reviewed by Meurers
(2001). Tidal analysis results have been published by the GGP data-
bank (Ducarme & Vandercoilden 2000). In this work we have also
used the results from the dual-sphere superconducting gravimeter
CD029 at Wettzell (Harnisch et al. 2000) and the results from SG
C023 at Medicina, Italy (Schwahn et al. 2000) and SG T018 at
Potsdam (Dittfeld 2000).

The M2 and O1 observed gravimetric factors corrected for ocean
tide loading and attraction using the 10 different ocean tide mod-
els are shown in Fig. 3 and the corresponding corrected phases
are shown in Fig. 4. Tables 4 and 5 give the corrected gravimetric
factors and phases using three of the most recent ocean tide mod-
els, GOT99.2b, NAO99b and FES99. From Fig. 3 it is immediately
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Figure 4. M2 and O1 observed phases corrected for ocean tide loading and attraction using 10 different ocean tide models.

Table 5. M2 gravimetric factors and phases: observed and observed corrected using three recent
ocean tide models (local phases in degrees, lags negative).

Site M2 observed Corrected using Corrected using Corrected using
GOT 99.2b NAO 99b FES 99

Brasimone 1.1780 (1.16) 1.1583 (−0.14) 1.1589 (−0.14) 1.1586 (−0.16)
Medicina 1.1811 (1.32) 1.1615 (0.07) 1.1627 (0.08) 1.1618 (0.05)
Vienna 1.1810 (1.08) 1.1597 (0.02) 1.1597 (0.03) 1.1598 (0.01)
Strasbourg 1.1865 (2.14) 1.1607 (0.00) 1.1608 (0.06) 1.1612 (0.02)
Wettzell (lo) 1.1849 (1.38) 1.1615 (−0.02) 1.1616 (0.00) 1.1619 (−0.02)
Wettzell (up) 1.1864 (1.41) 1.1629 (0.01) 1.1630 (0.04) 1.1633 (0.01)
Membach 1.1899 (2.37) 1.1616 (−0.08) 1.1617 (0.07) 1.1633 (0.02)
Brussels 1.1839 (2.71) 1.1595 (−0.17) 1.1607 (0.12) 1.1622 (0.03)
Potsdam 1.1860 (1.36) 1.1620 (−0.01) 1.1618 (0.03) 1.1629 (0.01)
Metsähovi 1.1818 (0.73) 1.1678 (0.07) 1.1657 (0.06) 1.1668 (0.02)

Mean 1.1614 (0.01) 1.1616 (0.05) 1.1620 (0.02)
St. dev. 0.0010 (0.05) 0.0011 (0.03) 0.0013 (0.02)

evident that at Metsähovi both the O1 and M2 amplitudes are anoma-
lously high by approximately 0.3 per cent. Similarly, the O1 and M2
amplitudes at Brasimone are anomalously low by approximately
0.3 per cent. This suggests calibration errors of the order of 0.3 per
cent for the gravimeters at these sites. At Brussels the O1 gravi-
metric factor is anomalously high by approximately 0.3 per cent,
which again suggests a calibration error. The anomaly is not so ap-
parent in the M2 gravimetric factor at Brussels, but this station is
only 90 km from the North Sea and the results are particularly sen-
sitive to the loading correction (see also Fig. 4). It should be noted
that for the dual-sphere superconducting gravimeter at Wettzell, the
upper sphere gives gravimetric factors that are 0.13 per cent larger
than the gravimetric factors for the lower sphere. These were both
calibrated at the same time on the inertial sinusoidal acceleration
system (Richter et al. 1995), which shows the technical difficulties
of achieving calibration accuracies of 0.1 per cent.

In Tables 4 and 5 the mean O1- and M2-corrected gravimetric fac-
tors and standard deviations are given using the GOT99.2b, NAO99b
and FES99 ocean tide models, but excluding the anomalous results
at Brasimone, Brussels and Metsähovi. The mean O1-corrected
gravimetric factors are in the range 1.1532–1.1536 and the mean
M2-corrected gravimetric factors are in the range 1.1614–1.1620.
These are between 0.06 and 0.1 per cent larger than the corrected
gravimetric factors using the spring gravimeters. It should be noted
that the standard deviations (after removing the above anomalous
stations) are approximately 0.1 per cent.

It is clear from Fig. 4 that the superconducting gravimeter at
Brasimone has an instrumental phase lag. It should also be noted that
FES94.1 and Schwiderski do not include tides in the Mediterranean
Sea and this causes the offsets of the results for Brasimone and
Medicina using these models. Comparing Figs 4 and 2, it can be
seen that several of the superconducting gravimeter stations give a
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small phase lag for O1 for the majority of ocean tide models, as was
the case for the spring gravimeters. Table 4 shows the small mean O1
phase lags when GOT99.2b, NAO99b and FES99 are used for the
ocean tide loading corrections. A phase lag of ∼0.02◦ for the gravity
tide is consistent with the O1 body tide model results of Mathews
(2001). It is also consistent with the estimate of Ray et al. (2001)
of 0.20◦ for the phase lag of the body tide Love number k2 using
satellite laser ranging data. However, the model results of Dehant
& Zschau (1989) give a phase lag of only 0.005◦ for tidal gravity.
Melchior (1989) obtained a phase lag of 0.38◦ using tidal gravity
measurements from 292 stations in the ICET databank. This very
high phase lag reflects the significantly larger observational errors
in the majority of tidal gravity measurements that were available at
that time.

The residual phasor, X, is defined as the remaining discrepancy
between an observed tidal harmonic and the total theoretical tidal
gravity, which is computed by combining the theoretical body tide
with the loading and attraction computed using a particular ocean
tide model, i.e.

X = O − B − L (2)

where O is the observed tidal harmonic, B is the body tide computed
using the DDW elastic PREM model and L is the ocean tide loading
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Figure 5. O1 and M2 residual phasors for European superconducting gravimeter observations using (a) the GOT99.2b ocean tide model and (b) the CSR4.0
ocean tide model. In all the phasor plots, the phase leads with respect to the tidal potential in the local meridian are plotted anticlockwise from the positive real
axis.

and attraction computed using eq. (1). Fig. 5 shows the O1 and
M2 residual phasors using the GOT99.2b and CSR4.0 ocean tide
models.

It is clear that the residuals in Fig. 5 are not randomly distributed
around the origin. There is a greater spread along the in-phase (real)
axis, particularly for O1. For the above spring gravimeters the resid-
uals are more randomly distributed around the origin (Baker & Bos
2001). This indicates that there are still significant calibration er-
rors for the superconducting gravimeters in Europe. The calibration
errors for the largest in-phase outliers, i.e. Brasimone, Metsähovi
and Brussels have already been mentioned above. Meurers (2001)
reviews the reported calibration uncertainties for superconducting
gravimeters using absolute gravimeters and shows that most are in
the range 0.1–0.4 per cent. In contrast, the spread of the O1 out-
of-phase (imaginary) residuals in Fig. 5 is much smaller and this
shows that the instrumental phase lags are now relatively well de-
termined. The phase lags caused by the feedback, filters and data
acquisition system can now be very accurately determined using the
step response or injected sine waves (Van Camp et al. 2000). The
−0.02 µGal mean bias of the O1 out-of-phase residuals in Fig. 5 is
equivalent to the small phase lag discussed previously in connection
with Fig. 4. It should be noted that the O1 residuals in Fig. 5 are
nearly independent of the particular ocean tide model used for the
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corrections. This means that the small (0.15 µGal) O1 ocean tide
loading is now very well determined in central Europe. It is very
unlikely therefore that the remaining scatter in the O1 residuals can
be explained by ocean tide loading. The scatter is therefore prob-
ably caused by small observational errors. Lateral heterogeneities
in the Earth’s body tide could also affect the residuals, but their
magnitudes are generally very small. Wang (1991) shows that mod-
els of the lateral heterogeneities in the Earth’s mantle from seismic
tomography up to degree and order eight affect both the in-phase
and out-of-phase components. He finds that the maximum effects
globally are of the order of 0.03 µGal (assuming no amplification
from seismic to tidal periods). However, in Europe his model gives
effects that are significantly less than 0.01 µGal and are therefore
too small to influence the results presented here.

The M2 residuals in Fig. 5 are more dependent than O1 upon
the particular ocean tide model that is used for the corrections, as
would be expected from the factor of 10 greater magnitude of the
M2 loading. Since the O1 results show that the phase calibrations
are relatively well determined, the out-of-phase M2 residuals can be
used to discriminate between different ocean tide models. The M2
phases in Fig. 4 confirm that TPXO.5, NAO99b and FES94.1 give
anomalous results at many of the European stations (see Section 5).
For example, Membach is at a similar distance from the North Sea
as Hannover and again gives anomalous phases using these three
models. CSR3.0 also gives an anomalous phase at Membach, but
this is considerably reduced with the newer version, CSR4.0.

Fig. 6 shows the O1 and M2 residuals for Wettzell (lower sphere)
for all 10 ocean tide models. This is taken as being representative
of a typical central European tidal gravity station and the residu-
als using the 10 different ocean tide models can be used to assess
the magnitude of the present uncertainties in ocean tide loading
in this area. For M2, Schwiderski is an obvious anomaly, as men-
tioned previously. The spread for O1 is approximately ±0.02 µGal
for both the real and imaginary components. The M2 residuals have
a similar small spread in the real component, but a higher spread
in the imaginary component mainly caused by the FES94.1 and
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Figure 6. O1 and M2 residual phasors for Wettzell (lower sphere) using 10 different ocean tide models.

TPXO.5 residuals. The residuals are less than 0.05 µGal in mag-
nitude and for the majority of the European superconducting and
spring tidal gravity stations discussed here the M2 and O1 residuals
are less than 0.1 µGal. These are much smaller than the typical 0.3–
0.6 µGal residuals found in previous work using earlier tidal gravity
observations from the ICET databank (Melchior & Francis 1996;
Llubes & Mazzega 1997). This illustrates the significant improve-
ment in accuracy of the tidal gravity observations used in the present
work.

7 W U H A N A N D C U R I T I B A R E S U LT S :
L A C O S T E E T G R AV I M E T E R S

Wuhan is the fundamental tidal gravity station in China and simi-
larly Curitiba in Brazil is the fundamental tidal gravity station for
South America (Melchior 1994). Measurements have been made
with well-calibrated LCR ET gravimeters at these fundamental sta-
tions. The ET gravimeters used at each station and the observed
O1 and M2 gravimetric factors and phases are given in Table 6.
The ET15 measurements in Wuhan and the ET10 measurements in
Curitiba were made by the Proudman Oceanographic Laboratory.
The ET16 measurements in Wuhan were made by the University of
Darmstadt, FRG (Dittfeld et al. 1993) and the ET21 measurements
were made by the Institute of Geodesy and Geophysics, Wuhan (Hsu
et al. 1991). ET15 and ET10 have been calibrated on the Hannover
vertical baseline. ET15, ET16 and ET21 have been calibrated on the
Wuhan vertical baseline.

Figs 7 and 8 show the O1 and M2 gravimetric factors and phases
after correcting for ocean tide loading and attraction using the 10
different ocean tide models. It is immediately evident that in com-
parison with Europe (Figs 1 and 2) the results are more dependent
upon the choice of ocean tide model. This implies that there is a
greater uncertainty in the ocean tides in these two areas. (The re-
sults for ET15 at Bad Homburg and ET16 at Potsdam are also given
in Figs 7 and 8.) It can be seen that the FES series of models give the
most anomalous ocean tide loading at Wuhan. Lefèvre et al. (2000b)
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Table 6. O1 and M2 observed gravimetric factors and phases at
Wuhan and Curitiba.

Site Gravimeter O1 observed M2 observed

Wuhan ET15 1.1771 (−0.41) 1.1741 (−0.41)
ET21 1.1773 (−0.40) 1.1742 (−0.49)
ET16 1.1752 (−0.41) 1.1720 (−0.32)

Curitiba ET10 1.1748 (−1.12) 1.1705 (1.48)

have already discussed the difficulties of modelling the ocean tides
in the relatively shallow areas of the Yellow and East China Seas and
it appears that the latest versions of their model still have problems
in these areas. This is particularly clear in Fig. 9, which shows the
O1 and M2 residual phasors for Wuhan. For M2, the FES models
give residuals between 0.2 and 0.4 µGal. For O1, FES94.1, FES98
and FES99 all give residuals greater than 0.1 µGal. The anomalous
M2 Schwiderski ocean tide in the East China Sea is already well
known (Hsu et al. 1991). It is also interesting to note that unlike
CSR3.0, the CSR4.0 ocean tide model now gives results that are in
very close agreement with GOT99.2b and NAO99b. For Curitiba,
Figs 7 and 8 show that the M2 ocean tide models of Schwiderski,
FES94.1 and FES95.2 give anomalous results. This is clearer in the
Curitiba residuals in Fig. 10, where it can be seen that these three
models give residuals of 0.3–0.4 µGal.

Kopaev & Kuznetsov (2000) suggest that there is strong obser-
vational evidence that the corrected gravimetric factors are approx-
imately 0.6 per cent higher in China than Europe. However, calibra-
tion uncertainties, rather than differences in Earth structure, could
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Figure 7. M2 and O1 observed gravimetric factors corrected for ocean tide loading and attraction using 10 different ocean tide models. The theoretical body
tide gravimetric factors are shown for the DDW elastic PREM model and the DDW inelastic model (α = 0.15). The observations are from the following sites
and gravimeters: Wuhan, China, (WU15, WU16, WU21) with gravimeters LCR ET 15, 16 and 21, respectively; Curitiba, Brazil, (CUR) with LCR ET10. Also
shown are the corresponding results from Europe with ET 15 at Bad Homburg (BHO) and ET 16 at Potsdam (POT).

explain the east–west anomaly. The LCR gravimeter ET15 has mea-
sured in both Europe (Bad Homburg) and in Wuhan and ET16 has
measured in Potsdam and Wuhan. These European results are also
plotted in Fig. 7 and the corrected gravimetric factors can be used to
assess the possibility of any difference in the body tide gravimetric
factors in the two regions. The remaining uncertainties in the ocean
tide loading in Wuhan are still a problem, particularly for M2, but
overall the Wuhan gravimetric factors appear to be between 0 and
0.3 per cent higher than Europe. Thus, any possible differences in
gravimetric factors between Europe and China are much smaller
than suggested by Kopaev & Kuznetsov (2000).

8 G L O B A L R E S U LT S :
S U P E RC O N D U C T I N G G R AV I M E T E R S

In Section 6 we discussed the results from nine European stations
with superconducting gravimeters that are part of the Global Geo-
dynamics Project. In this section we will discuss the results for six
GGP stations outside Europe. Tables 7 and 8 give the observed O1
and M2 gravimetric factors and phases for these GGP stations. The
observational results for Cantley, Canada, are taken from Lambert
et al. (1998) and those for Esashi, Japan, are taken from Matsumoto
et al. (1995). The other observational results have been published
by the GGP databank (Ducarme & Vandercoilden 2000).

The M2 and O1 observed gravimetric factors and phases cor-
rected for ocean tide loading and attraction using the 10 different
ocean tide models are shown in Figs 11 and 12. Tables 7 and 8 give
the corrected gravimetric factors and phases using three of the most
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Figure 8. M2 and O1 observed phases corrected for ocean tide loading and attraction using 10 different ocean tide models.
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Figure 9. O1 and M2 residual phasors for Wuhan (LCR ET 15) using 10 different ocean tide models.

recent ocean tide models, GOT99.2b, NAO99b and FES99. The re-
sults for Wettzell are also plotted in Figs 11 and 12, as being repre-
sentative of the results for central Europe. Again, in Figs 11 and 12 it
is immediately evident that for most of the global stations the results

are more dependent upon the choice of ocean tide model than is the
case for Europe. As was noted above with respect to the Wuhan LCR
ET gravimeter results, the FES series of models give anomalous re-
sults for M2 with respect to other models at Wuhan, but also at Esashi
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Figure 10. O1 and M2 residual phasors for Curitiba (LCR ET 10) using 10 different ocean tide models.

Table 7. O1 gravimetric factors and phases: observed and observed corrected using three recent ocean
tide models (local phases, lags negative).

Site O1 observed Corrected using Corrected using Corrected using
GOT 99.2b NAO 99b FES 99

Cantley 1.1608 (0.63) 1.1538 (0.08) 1.1537 (0.06) 1.1530 (0.06)
Boulder 1.1647 (1.32) 1.1563 (0.10) 1.1563 (0.07) 1.1562 (0.06)
Esashi 1.2201 (1.35) 1.1583 (0.08) 1.1586 (0.08) 1.1614 (0.13)
Matsushiro 1.2037 (0.69) 1.1520 (0.01) 1.1524 (0.01) 1.1556 (0.01)
Wuhan 1.1794 (−0.38) 1.1578 (−0.02) 1.1577 (0.00) 1.1605 (0.09)
Canberra 1.1742 (−0.73) 1.1551 (−0.01) 1.1551 (0.00) 1.1563 (−0.03)

Table 8. M2 gravimetric factors and phases: observed and observed corrected using three recent ocean
tide models (local phases, lags negative).

Site M2 observed Corrected using Corrected using Corrected using
GOT 99.2b NAO 99b FES 99

Cantley 1.2017 (−0.70) 1.1615 (−0.28) 1.1617 (−0.20) 1.1602 (−0.24)
Boulder 1.1594 (0.50) 1.1629 (0.00) 1.1628 (0.00) 1.1623 (−0.02)
Esashi 1.1909 (1.72) 1.1655 (0.16) 1.1655 (0.10) 1.1667 (0.08)
Matsushiro 1.1902 (0.59) 1.1598 (−0.04) 1.1599 (−0.09) 1.1610 (−0.12)
Wuhan 1.1759 (−0.26) 1.1649 (0.08) 1.1645 (0.08) 1.1693 (−0.03)
Canberra 1.1858 (−2.51) 1.1635 (0.02) 1.1639 (−0.07) 1.1610 (−0.20)

and Matsushiro. FES94.1, FES95.2 and FES99 also give anomalous
M2 results at Canberra, Australia and FES94.1 gives an anomaly in
the M2 phase at Boulder. For O1, again FES94.1, FES98 and FES99
give anomalous results at Wuhan, but also at Esashi and Matsushiro.
FES94.1 O1 is anomalous at Canberra. The Schwiderski M2 ocean
tide model gives anomalous results at Wuhan, Esashi, Matsushiro
and Cantley. The Schwiderski O1 ocean tide model gives anoma-
lous results at the two Japanese stations and also at Canberra and
Boulder. Cantley, in eastern Canada has an M2 amplitude and phase
that are very dependent upon the choice of ocean tide model (the O1
amplitude is also relatively dependent upon the ocean tide model).
GOT99.2b, NAO99, TPXO.5, FES98 and FES99 all give reason-
able corrected M2 gravimetric factors at Cantley, whereas CSR3.0,
CSR4.0, FES94.1, FES95.2 and Schwiderski all give anomalously

low gravimetric factors. The M2-corrected phase at Cantley appears
to be anomalous for all of the recent ocean tide models.

It is interesting to look at the O1 phases overall in Fig. 12 (ignoring
the ocean tide models mentioned above, which give obvious anoma-
lies). The corrected O1 phases at Wettzell, Matsushiro, Wuhan and
Canberra are all reasonable, i.e. only a few hundredths of a degree.
However, the corrected O1 phases at Cantley, Boulder and Esashi
are all approximately +0.08◦, which is anomalously high. There are
also anomalies in some of the M2 phases, but in general the M2
results are more difficult to interpret because of the greater depen-
dence upon the choice of ocean tide model. Similarly, looking at
the gravimetric factors overall, Esashi and Wuhan show the largest
departures from the PREM elastic and inelastic body tide models
for both M2 and O1. If we take the DDW inelastic non-hydrostatic
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Figure 11. M2 and O1 observed gravimetric factors corrected for ocean tide loading and attraction using 10 different ocean tide models. The theoretical body
tide gravimetric factors are shown for the DDW elastic PREM model and the DDW inelastic model (α = 0.15). The observations are from GGP superconducting
gravimeters at the following sites: Wettzell (WElo and WEup) in Germany, Cantley (CAT) in Canada, Boulder (BOU) in USA, Esashi (ESA) and Matsushiro
(MAT) in Japan, Wuhan (WUH) in China, and Canberra (CAB) in Australia.

body tide model as being the most realistic present-day body tide
model, then the following are the typical magnitudes of the depar-
tures of the corrected O1 gravimetric factors from this model, again
ignoring the ocean tide models mentioned above: Wettzell (lower)
−0.15 per cent; Wettzell (upper) −0.04 per cent; Cantley
−0.05 per cent; Boulder +0.15 per cent; Esashi +0.3 per cent;
Matsushiro −0.2 per cent; Wuhan +0.3 per cent; Canberra +0.1 per
cent. The most likely explanations for these departures from the
DDW inelastic model are calibration uncertainties. This particularly
applies to the larger discrepancies. Kopaev & Kuznetsov (2000) and
Wang (1991) used models of lateral heterogeneities up to degree and
order eight, based on seismic tomography, and found that the maxi-
mum effects on the gravimetric factors are approximately ±0.05 per
cent. It is of course possible that shorter-wavelength lateral changes
in Earth structure give larger effects. Zürn et al. (1976) used a finite-
element model to find the effects of a subducting plate on the body
tide. They found that this major feature affected the vertical body tide
displacement by approximately +0.8 per cent over the leading edge
of the subducting plate and therefore, in principle, the gravimetric
factor could be increased by a few tenths of a per cent (depending
upon the associated change in the k Love number). Such an effect
might be possible over the subducting plate under Japan. However,
it should be noted that the two Japanese stations have anomalies
of opposite signs. For all the tidal gravity stations, it is necessary
to do further work on checking the calibrations before reaching
any geophysical conclusions. For the dual-sphere superconducting
gravimeter at Wettzell, despite careful calibration using inertial si-
nusoidal accelerations, the two spheres give gravimetric factors dif-
fering by 0.13 per cent (Harnisch et al. 2000). Many of the reported

calibrations using parallel recordings with an absolute gravimeter
have not yet reached an accuracy level of 0.1 per cent (Meurers
2001).

Wang (1991) showed that, owing to axial asymmetry, lateral het-
erogeneities also cause phase shifts and that these effects are of a
similar magnitude to the effects on the gravimetric factors. Fig. 13
shows the M2 and O1 residual phasors using the GOT99.2b and
CSR4.0 ocean tide models. It is clear that the residuals have a greater
spread along the real axis than the imaginary axis, particularly for
O1. This is a further indication that amplitude calibration errors are
still important. The instrumental phase lags are clearly relatively bet-
ter determined than the amplitude calibrations. Since methods are
now available to determine the time lag of the gravimeter system
to an accuracy of 0.01 s, the imaginary component will be particu-
larly useful for testing this component of the ocean tide models or
searching for the possible effects of lateral heterogeneities.

9 C O N C L U S I O N S

Accurate tidal gravity measurements can be used both for testing
models of the Earth’s body tide and for testing the latest ocean
tide models. The comparisons between observations and models
presented here allow a number of conclusions to be made concerning
the ocean tide models, the body tide models and the accuracy of the
measurements.

Although the earlier Schwiderski (1980) ocean tide model does
remarkably well in several areas, there are a number of places where
it gives anomalous results. For M2, these are the gravity stations
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Figure 12. M2 and O1 observed phases corrected for ocean tide loading and attraction using 10 different ocean tide models.

in central and northern Europe, China, Japan, Curitiba (Brazil)
and Cantley (eastern Canada). For O1, Schwiderski gives anoma-
lies in Japan, Canberra, Curitiba and Boulder. The FES94.1, 95.2,
98 and 99 M2 models give anomalous results in China and Japan
and also in Canberra (with the exception of FES98). The FES94.1,
FES98 and FES99 O1 models also give discrepancies in China and
Japan, as does FES94.1 in Canberra. The FES94.1 and FES95.2
M2 models give anomalies in Curitiba and Cantley. In Europe, the
TPXO.5, NAO99b and FES94.1 M2 ocean tide models give discrep-
ancies, particularly for stations influenced by the North Sea. Bos
et al. (2002) used tidal gravity measurements from Ny-Ålesund on
Spitzbergen to show that FES99 is the most accurate model in the
Nordic Seas. Overall, it can be concluded that the recent ocean tide
models are in better agreement with tidal gravity measurements than
were the earlier ocean tide models of Schwiderski and FES94.1.
However, at present no single ocean tide model gives completely
satisfactory results in all areas of the world.

The corrected gravimetric factors can be used for testing the body
tide models, but care is needed with the interpretation of the results
because of both calibration errors and the remaining uncertainties
in the ocean tide loading corrections. At many stations the spread
of the O1-corrected gravimetric factors and phases, using different
recent ocean tide models, is smaller than the corresponding spread
in M2, which makes this harmonic particularly useful for testing the
body tide models. In Europe, observations are available from eight
stations with well-calibrated spring gravimeters and also from nine
stations with superconducting gravimeters. The gravimetric factors

for the superconducting gravimeters at Brasimone, Brussels and
Metsähovi are clearly anomalous, which implies calibration errors
of ∼0.3 per cent at these stations. The other European stations give
corrected O1 and M2 gravimetric factors that are in good agreement
with the DDW elastic and inelastic body tide gravimetric factors.
The estimated calibration errors at these stations are of the order of
0.1 per cent, which means that it is not yet possible to distinguish
between the DDW elastic and inelastic gravimetric factors, which
only differ by 0.12 per cent. However, other inelastic models with
larger gravimetric factors can be rejected by these observations (see
also Baker et al. 1996).

The majority of spring and superconducting gravimeter stations
in Europe give small phase lags of a few hundredths of a degree
for the corrected O1 phase, when using most of the recent ocean
tide models. An O1 gravity phase lag of approximately 0.02◦ is
consistent with the body tide model of Mathews (2001) and the
observed k2 lag of Ray et al. (2001), but not with the model results
of Dehant & Zschau (1989).

The corrected gravimetric factors for the stations outside Europe
are more difficult to interpret because of the greater spread when us-
ing different ocean tide models. After discarding the obvious ocean
tide model anomalies mentioned above, the corrected gravimetric
factors differ from the DDW models by between −0.2 and +0.3 per
cent. However, at this stage it would be premature to assume that
these are caused by lateral heterogeneities in the Earth’s structure.
At many of the stations the calibration is found by parallel recording
with an absolute gravimeter for a few days. Although it has been
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Figure 13. O1 and M2 residual phasors for GGP superconducting gravimeter observations using (a) the GOT99.2b ocean tide model and (b) the CSR4.0
ocean tide model.

clearly demonstrated that this method can achieve an accuracy of
approximately 0.1 per cent, the quoted accuracy is usually between
0.1 and 0.4 per cent (Meurers 2001). It should be noted that mod-
els of lateral heterogeneities up to degree and order eight, using
models from seismic tomography (and assuming no amplification
from seismic to tidal periods) only predict a maximum effect of
±0.05 per cent on the gravimetric factor. Major shorter-wavelength
features such as subducting plates may possibly give larger effects
(Zürn et al. 1976), but it is clearly necessary to check and improve
the calibrations before testing such models.

For the GGP superconducting gravimeter stations in Europe and
the rest of the world the plots of the O1 and M2 residuals show
a greater spread along the real (in-phase) axis than the imaginary
axis. This shows that there are amplitude calibration problems and
that the instrumental phase lags are now relatively well determined.
Improved methods have been developed for accurately determining
the phase lags caused by the feedback, filters and data acquisition
system using the step response or injected sine waves (Van Camp
et al. 2000). This gives the prospect of even further improvement in
the imaginary component. At the same time it is proving difficult
to improve the amplitude calibrations to significantly better than
0.1 per cent, despite the efforts that have been put into the use of
absolute gravimeters, inertial acceleration systems and calibration
masses. In the future therefore it would be an advantage to use the

significantly more accurate observations of the imaginary compo-
nent. This component can be used for important tests of ocean tide
models and ocean tide loading models. Also, as pointed out by Wang
(1991), the axial asymmetry of lateral heterogeneities means that the
effects are of a similar magnitude in the real and imaginary compo-
nents and the influence on the phase of the gravity tide should be a
few hundredths of a degree. The improved accuracy of the instru-
mental phase determinations means that it should now be possible
to detect these effects in tidal gravity measurements.
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