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Abstract

Data from continuous observations with three Lacoste & Romberg gravity meters at station
Cueva de los Verdes (Lanzarote, Canary Islands) are analysed. The tidal analysis shows, in general, a
good agreement between the three meters. Correction frorn load and attraction effects permits to
obtain better results when regional and local ocean models are considered, together with global ocean
charts. The air pressure effect on two gravimeters exhibit important instrumental discrepancies.

1. Introduction

The Institute of Astronomy and Geodesy of Madrid (IAGM) has installed three
Lacoste&Romberg G gravity meters (LCR), in cooperation with the Royal Observatory of
Belgium (ROB), at station Cueva de los Verdes (CV). The station CV is located inside the lava
tunnel of La Corona volcano (see Figure 1) at north-east of Lanzarote Island (the most north-
eastern of the Canary Islands), 1.3 Km far from the sea and 37 m height from sea level, where
the IAGM has the Geodynamic Laboratory of Lanzarote (Vieira et al., 1991). The three gravity
meters, which have been normalized to Brussels standards, are equipped with electronic
feedback (Van Ruymbeke, 1985) and set up at this station. The LCR434 is installed since 1987
for continuous recording of gravity tides. The LCR336 was operative during 10 months (from
1990-04-13 to 1991-02-23). Finally, the LCROO3is recording tidal gravity observations since
1997.

2. Data from Gravity Meters, Tidal Analysis and Air Pressure Effects

During the period of observation LCR434 and LCR336 were connected to a
METEOADATA 256 logger, with a sampling period of 2 s and a logging period of 10 mino
LCR003 was connected to a MICRODAS, with a sampling period of 2 s and an acquisition
period of 1 mino The calibrations have been done by means of the gravimeter screw, and an
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average value of calíbration has been selected in this study for each gravity meter. The
instrumental levelling was controlled periodically and no noticeable change in the sensitivity was
detected. The tidal analysis have been performed with NSV program (Venedikov et al., 1997),
based in the least squares harmonic method of Venedikov (1966). The results of the harmonic
analysis, for the main diurnal and semidiurnal waves are listed in Table 1. From this Table, the
results are quite homogeneous for three gravity meters. As a numerical check of instrument
behaviour, the M2/01 ratio (0.8850, 0.8851 and 0.8842 for LCR434, LCR336 and LCR003
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Fig. 1. Location of station CV in Lanzarote, Canary Islands.

Table 1. Observed amplitude A, tidal parameters 8, (J. for the three gravity meters at station CV (<1>:
29°09'36" N, 1..: 13"26'28" W, H: 37 m). The results are evaluated by the least squares harmonic
analysis method. The tidal potential used is Tamura (1987). Amplitudes are given in ~Gal and phases
are local.

LCR434 LCR336 LCROO3

A 1) a A 1) a A 15 a
30.466 1.1535 _1°.6 30.455 1.1531 -1°.6 30.465 1.1536 _1°.5

01
±O.027 ±O.0010 ±O°.05 ±O.046 ±O.0018 ±O°.09 ±O.054 ±O.0021 ±O°.10

14.010 1.1400 0°.1 13.922 1.1329 -0°.1 13.983 1.1379 _0°.2
P1

±O.030 ±O.0024 ±O°.12 ±O.051 ±O.0042 ±O°.21 ±O.044 ±O.0036 ±O°.18

41.604 1.1201 0°.3 4l.669 1.1218 0°.4 4l.591 1.1198 0°.2
K1

+0.028 ±O.0008 +0°.04 ±O.048 ±O.OO13 ±00.07 ±O.0049 ±O.OO13 ±O°.07

11.038 1.0072 0°.6 11.042 l.0076 0°.3 10.927 0.9971 0°.9
N2

±O.028 ±O.0026 ±O°.15 ±O.030 ±O.0027 ±0°.16 ±O.049 ±O.0045 ±O°.26

58.435 l.0209 2°.2 58.419 l.0206 1°.9 58.385 1.0200 2°.2
M2

+0.031 ±O.0005 ±O°.03 ±O.032 ±O.0006 ±O°.03 ±O.048 ±O.0008 ±0°.05

28.450 1.0683 4°.0 27.409 l.0292 3°.0 29.076 l.0918 5°.6
82

+0.029 ±O.OOll +0°.06 ±O.031 ±O.0012 ±O°.06 ±O.049 ±O.0018 ±Oo.10
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respectively) shows a good agreement between gravity meters, with a maximum discrepancy
between LCR003 with the other two gravimeters of 0.1%. However, these M2/01 ratios reflect
an important deficiency in semidiurnal tidal band due to the indirect ocean effect.

The most important discrepancy between tidal waves appears for S2, where the maximum
difference for delta factor is found for LCR336 and LCR003, of some 6%. For 01 and M2 tidal
waves, an agreement better than 0.1% is found for all gravity meters. The phase lag shows good
agreement between gravity meters in the diurnal tidal band (maximum difference of 0°.3 in P1
for LCR434 and LCR003). In semidiurnal band, the best agreement is found between LCR434
and LCR003, but a difference of 2°.6 appears in S2 for LCR336 and LCR003. However, a best
agreement for M2 wave is clearly remarkable for the three gravity meters. The overall results
from S2 wave reflects an important lack of air pressure compensation in both LCR336 and
LCR003 gravity meters. This fact can be stated if we compute the gravity-pressure admittance,
by means of a single linear regression coefficient with direct analysis of data by using the DAD
program (Amoso et al., 1997). For LCR336 and LCR003 we have obtained extremely large
values of -1.28 (±O.OS8)and -1.95 (±O.044) ~Gal/mbar respectively, whereas for LCR434 the
coefficient obtained is of --0.43 (±O.028) ~Gal/mbar, which is rather close to the standard value
of -0.3 ~Gal/mbar.

3. Ocean Loading and Attraction Effects

In this study we have used the global ocean models from Schwiderski (1980) and Eanes and
Bettadpur (1995) (hereafter written as SCW80 and CSR30, respectively) to compute the ocean
effects. Also, a regional ocean model of the Canaries and a local ocean model of Lanzarote
Island have been considered to supplement the global ones (Amoso, 1996; Amoso et al., 2000a).
The regional model of the Canaries considers polygon's size from 1°x1° to 1'Sx1'.5, whereas the
local model of Lanzarote the polygon's size comprises for 0'.6xO'.6 to 0'.2xO'.2 (Figure 2 shows
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Fig. 2. Corange (left) and cotidal (right) charts of the local oceanic model around Lanzarote Island for M2
wave. Tidal amplitudes are given in cm. Tidal phases, in degrees, are given with respect to Greenwich.
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the tidal amplitudes and phases of this local model for M2 wave). Thus, a more thorough
modelling of the loading component is obtained and a more precise correction of its influence on
the tidal observations can be reached. To calculate the ocean loading and attraction we use our
program ATe (Arnoso, 1996) written in Fortran language, which considers the Green's
functions given by Farrell (1972) and the Gutenberg-Bullen's Earth model.

Table 2 shows the tidal parameters corrected from ocean loading and attraction (OC, aC) for
the three gravity meters, as well as the results of ocean loading and attraction computations. The
corrected tidal parameters are given on the basis of ocean loading and attraction computation,
which considers the global charts supplemented with the regional and local ocean models. To see
the effect of the regional and local ocean models, we have included the computation which
considers only the global ocean charts. The corresponding tidal residual parameters are also
listed for comparison.

From this Table, better results are obtained when global charts, supplemented with the local
and regional models, are considered, specially in the case of semidiumal tidal waves. In this case,
differences between global models and global models supplemented with regional and
localmodels, can reach up to 23% in the amplitude of the loading vector for M2 wave. Thus, in
spite of the fact that for this wave the corrected o factors for both ocean models differ slightly

Table 2. Observed tidal parameters after ocean loading and attraction correction ({, a.c and amplitudes and phases
of the tidal residual vector (B,~) at station CV (Earth response is according to Molodensky for body tides). The
amplitude and phase of the ocean loading and attraction vector (L, :A..), computed based on global ocean tide
models (Global) and on the global supplemented with regional and local ocean models (Global+Re+Lo) are listed.
Amplitudes are in ~Gal and phases are given with respect to the local theoretical gravity tide.

LCR434 LCR336 LCROO3 Global+Re+Lo Global

rl aC r,c aC r,c aC L A. L A.

SCW80 1.1557 -00.3 1.1553 -0°.3 1.1558 -0°.2 0.7 -95°.7 0.6 -94°.7
01

CSR30 1.1527 -0°.5 1.1523 -0°.5 1.1528 _0°.4 0.6 -88°.9 0.6 -94°.6

(B,~) (0.9,-102° .2) (0.9,-102° .9) (0.8,-102° .7)

SCW80 1.1624 -0°.4 1.1553 -0°.6 1.1603 -0°.7 0.3 156°.3 0.2 155°.9
Pl

CSR30 1.1548 _0°.3 1.1477 -0°.4 1.1527 _0°.5 0.2 155°.4 0.2 155°.9

(B,~) (0.2,174°.3) (0.3,184°.2) (0.3,190°.2)

SCW80 1.1371 _0°.2 1.1389 0°.0 1.1369 -0°.2 0.7 155°.1 0.6 154°.9
Kl

CSR30 1.1349 -0°.1 1.1366 0°.1 1.1346 -0°.1 0.6 156°.7 0.7 146°.5

(B,~) (1.5,171°.6) (1.4,168°.4) (1.5,174°.4)

SCW80 1.1628 0°.9 1.1626 0°.6 1.1522 1°.1 1.7 182°.6 1.3 190°.2
N2

CSR30 1.1628 0°.5 1.1627 0°.2 1.1522 0°.7 1.7 179°.6 1.4 176°.5

(B,~) (1.7,176°.1) (1.7,178°.0) (1.8,174°.5)

SCW80 1.1708 0°.4 1.1707 0°.2 1.1700 0°.4 8.8 168°.6 6.8 165°.1
M2

CSR30 1.1556 1°.1 1.1553 0°.8 1.1546 1°.1 7.8 172°.7 6.7 162°.1

(B,~) (8.3,164°.3) (8.2,166°.4) (8.3,165°.1)

SCW80 1.1581 0°.1 1.1206 _1°.1 1.1796 1°.5 3.2 140°.4 2.6 139°.4
S2

CSR30 1.1577 1°.2 1.1198 0°.1 1.1799 2°.7 2.8 151°.0 2.6 143°.2

(B,~) (3.2,147°.7) (3.8,157°.8) (3.4,124°.6)
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Fig. 3. Tidal parameters corrected from ocean loading and attraction effect (left is for SCW80 and
right is for CSRJO) for the three LCR gravity meters at station CV. Solid squares, open circles and
down open triangles represent LCR434, LCRJ36 and LCR003 gravity meters respectively. Dotted line
represents the theoretical value of 1.16 for delta factor.
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from the theoretical value of 1.16, we can consider the ocean correction as satisfactory taking
into account the observed O factors (Table 1) for the three gravimeters. Furthennore, the load
vector ca1culated is close to the tidal residual vector. For diurnal waves, the effect using regional
and local models does not vary substantially, although for 01, P1 and K1 with SCW80 is slightly
better when local and regional models are included in the loading computations. Comparison
with observed residuals show the largest difference for K1 wave.

In general, results from this Table show a good agreement between both global ocean models
(mainly in delta factors), except for M2 wave. In this case, a systematic difference of 1.3% in
delta factor and 0°.7 in phase lag is found for both ocean models. Concerning the differences
between gravity meters, the maximum difference in diurnal waves is for Pl, which is less than
0.6%. In the case of semidiurnal waves, N2 presents a difference of almost 1% between LCR434
and LCR003. But the most important discrepancies are found for S2 wave. So, as we mentioned
above, an important problem of air pressure compensation exists in LCR336 and LCR003.
Figure 3 shows more clearly these results.

Table 3 shows the M2/01 ratios for three gravity meters after ocean correction. The
differences between gravimeters are less than 0.1 %, for both ocean models considered, and a
difference of 1.1 % is found between the two ocean models, which is constant for the three
gravity meters.

Table 3. Ratio M2/01 for the three gravity meters at station CV, after ocean loading and attraction
correction, Results are given for SCW80 and CSRJO ocean models.

LCR434 LCR336 LCR003

M2/01 (SCW80)

M2/01 (CSR30)

1.0131

1.0025

1.0133

1.0026

1.0123

1.0016

4. Conclusion

The results of tidal gravity analysis of three gravity meters presented here show, in general, a
good agreement between them. However, important differences have been found in the
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semidiurnal tidal bando These discrepancies are due, mainly to indirect ocean effect. To correct
the ocean indirect effects we have considered two ocean models (SCW80 and CSR30),
supplemented with a regional model of the Canaries and a local model of Lanzarote Island. After
a suitable correction of the ocean effect, the relation between semidiurnal and diurnal tidal bands
improve significantly. Thus, the discrepancies in tidal analysis for the gravimeters is less than
0.1%.

The loading calculations with SCW80 and CSR30 ocean models does not differ substantially.
However, for semidiurnal tidal waves we must to emphasize the effect of regional and local
ocean models in loading calculations which, in case of M2 can reach up to 23% in amplitude if
global models are considered only.

Finally, we must to point out the important anomalies founded in the air pressure
compensation for the LCR003 and LCR336 gravimeters through the anomalous behaviour of S2
wave. In this sense, the gravity-pressure admittance computed by means a single linear
regression coefficient for both instruments yields extremely large values. Nevertheless, the
overall performance of these sensors in the tidal analysis is rather good, with respect to the other
main tidal waves and when we compare with the results obtained with LCR434 gravimeter.
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