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Abstract

The aim of this work is to showthat STS-1 seismometersareableto providea signal with avery long period
vertical componentwhich can be used for Earth tide studies provideda number of recording conditions are
improved.We usedatafrom theGEOSCOPEnetworkfor BNG (Bangui,CentralAfrican Republic),MBO (M’bour,
Senegal),CRZF (Crozet, TAAF (Terres Australeset AntarctiquesFrancaises),Indian Ocean), ECH (Echery,
France)andPAP (Port-aux-Français,Kerguelen,TAAF, Indian Ocean)stationsoperatedby theEcoleet Observa-
toire de Physiquedu Globe de Strasbourg(EOPGS)and Institut Françaisde RechercheScientifique pour le
Développementen Cooperation(ORSTOM).Thesedataareanalysedwith a least-squaresadjustmentmethodto fit
theEarthtidal waves,andtheresultsfor thesestationsarecompared.Specialattentionis paidto thecomparisonof
resultsfrom ECH with thosefrom thesuperconductinggravimeterof Strasbourg(J-9). For severalstationsusedin
this study(CRZF, MBO andECH) theresultsarepromising,but theyaredisappointingfor others(PAF andBNG).
We did not find anyclear reasonfor suchadifference in quality. We proposesomeimprovementsthatwill enable
researchersto achieve a better recording of this long-period signal and obtain higher-qualitydata allowing
gravimetricstudiesfrom global seismologicalnetworks.

1. Introduction flat for periods from infinity to 20 s (360 s for
STS-1 seismometersconfigured in very broad

An STS-1 seismometer(Wielandt and Streck- band(\7VB) (Wielandt andSteim, 1985)). At the
eisen,1982) delivers a voltagesignal calledPOS GEOSCOPE(Romanowicz et a!., 1984, 1991)
(Fig. 1) which correspondsto the mass device stationsoperatedby the Ecoleet Observatoirede
position.Thisvoltageis proportionalto the gravi- Physiquedu Globe de Strasbourg(EOPGS)and
tational acceleration,andthe transferfunction is the InstituteFrancaisde RechercheScientifique

pour le Ddveloppement et Cooperation
(ORSTOM),we haverecordedthe threecompo-

_______ nents of POS with a 1 mm sampling interval
* Correspondingauthor. (Pillet et a!., 1990). We consider here only the
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vertical component(tidal gravity) of POSfor the 1983; Dehant and Ducarme, 1987; Cummins et
Stations Bangui, Central African Republic al., 1991).
(BNG), Crozet, TAAF (Terres Australes et
AntarctiquesFrancaises),Indian Ocean(CRFZ),
Echery,France(ECH), M’bour, Senegal(MBO) 2. Signalprocessing
andPort-aux-Français,Kerguelen, TAAF Indian
Ocean(PAF). We intend to show in this study The raw 1 mm signal is not fully continuous
that,undercertain conditions, the quality of this becauseof gapscausedby disruptionsand reset-
signalis comparablewith that of a standardspring tings.Someglitchesare causedby radiotransmit-
gravimeter.A potential consequencewould be ting errors (e.g. at ECH) and are removedwith
the use of the GEOSCOPEnetwork(and other the help of the Seismic Analysis Code (SAC)
networks such as IRIS or MEDNET) as a software(Tull et a!., 1987). We usedthe longest
gravimeter network; this would allow gravity uninterruptedcontinuoussignals,becauserecen-
changesto be studiedon a planetaryscaleusinga tring the massof the seismometeror calibration
large number of stations or stations at unusual leadsto gapsin POSthat haveto be eliminated.
locations (Wahr, 1981; Melchior andDe Becker, Eachstrongearthquake(Ms> 6) also producesa
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Fig. 1. Bandwidthof POS(amplitudeandphase)andconvolutionhigh-passfilter with cut-off frequencyat1/46 h. A tidal spectrum
is alsoplotted.
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perturbationof POS which is replacedby a gap inversion,although only two or threewavescan
with null values.An anti-aliasingconvolutionfil- bemodelledwith thisduration.Filling gapslonger
ter is applied to the raw 1 mm datawhich are than 1 day using the method described above
thendecimatedby a factorof five, seemsdoubtful, and we tried to avoid such cir-

To build a longer continuoussignalfrom the cumstances.
availablesegmentsis necessaryto perform a tidal The outputPOSis directly proportionalto the
analysis,and this requiresa procedureto fill the gravitationalacceleration(the phaselag vanishes;
gaps.This procedureis basedon a least-squares see Fig. 1) and the data are multiplied by the
analysisof the signal aroundthe gap (threetimes scale factors given by the manufacturer.High
the length of the gap before and after it). The drifts may occur in the signal as a result of
model involves the main tidal waves(10 waves) temperatureinfluence on the spring.In thiscase,
andthe inversionis performedby usinga singular tidal waves hardly emergefrom the noise. To
value decompositionwhich allows us to analyse eliminate this drift, the dataare filtered through
time intervals much shorter than that theoreti- a high-passconvolution(FIR) filter with a cut-off
cally compatiblewith the naturalspectralresolu- periodof 46 h (Fig. 1). This filter fully preserves
tion of the model.For instance,let us supposea the amplitude of the diurnal tidal waves(aswell
gap length of 1 day. Six days are usedin the as semi-diurnaland ter-diurnal waves). The re-

Raw data
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Fig. 2. Rawdata atBNG, MBO, ECH andJ-9with, in addition, thetemperatureatBNG andthepressureatECH. The durations
arebetween1 and 2 months.
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sulting signalis shownbelow,in Fig. 5, wherethe 17 wave groups are considered.Although HY-
classicalpatternof tidal beatingcan be seen. CON allows usto introducea low-degreepolyno-

mial drift, we do not usethis possibility. Indeed,
low-frequency componentshave already been

3. Tidal analysis eliminatedby the high-passfiltering. Moreover,
some attempts to remove the drift by using a

We perform the tidal analysis by using the polynomial fit werenot satisfactory.
program HYCON (Schüller, 1985), which com- We presentour results in two sets.The first
putes the amplitudesand phasesof the observed setincludesfour stations(BNG, MBO, ECH and
tidal wavesby a least-squaresmethod and pro- the StrasbourgstationJ-9) and correspondsto a
vides for eachstationand tidal group the gravi- signal duration of about 1 month. The raw data
metric amplitude factors6 andphasedifferences aredisplayedin Fig. 2. The temperatureat BNG
K (Melchior, 1978). The wavesare grouped, to andthe pressureat ECH arealso plotted.At J-9,
take into account the resolution dependingon the pressureis recordedbut not plotted, as it is
the durationof the signal. In our case,threetidal very similar to that at ECH (the distancebetween
bands(diurnal, semi-diurnalandter-diurnal)with the two stationsis only 60 km). It shouldbenoted

Raw data
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Fig. 3. Rawdata atECH, CRZF andPAFwith temperatureatPAF. Thesesignalsare plottedbeforeinterpolatingthe gaps.The
duration is about3 months. On ECH, thedisturbancemarkedX shouldbenoted.



R.Pillet et al. /PhysicsofEarthand PlanetaryInteriors 84 (1994)161—178 165

that the POS signal at BNG closely follows the In this study, we will focus on the vertical
temperaturesignal.The drift at MBO is veryhigh componentof the STS-1 seismometers.A similar
butregular,in agreementwith the slow evolution studycouldbe extendedto the horizontalcompo-
of the temperaturein awell-isolatedroom.How- nents, at least for some stations such as MBO
ever,becauseof maintenancerequirements,tran- where horizontal tides are as well recordedas
sientsignalscanoccur that reach10 mV or more vertical tides(seeFig. 4).
in the POSsignal. Figs. 5 and 6 show the signal after pre-

The secondsetincludesdatafrom ECH,CRZF processing. The diurnal/semi-diurnal beats
andPAF,for which the datalast about3 months clearly appear,except for the PAF signal, which
(Fig. 3). We show thesedatabefore filling gaps is very noisy. The changesin temperatureand
and pre-processing.Thermal drifts are small pressureareusuallymoresmooth,exceptwhena
(ECH), medium(CRZF)or high (PAF). At PAF, disruptionoccurs.As previouslynotedthesedata
we have also the inner instrumenttemperature, setshavebeenanalysedby HYCON, andTable1
which is not in good agreementwith the signal gives the results.We presentonly the wavesthat
provided by this seismograph,in contrastto the haveroot meansquare(r.m.s.) errors less than
BNG case.We believethat the recordingprocess 0.1unit for the amplitudeandless than5°for the
of this temperaturesignal hasbeenmodified.On phase.The parametersspecified in the tidal fit-
ECH data, the zonemarkedX containsa distur- ting codeHYCON are identicalfor all the analy-
banceof unknowncause;the effectof thispertur- ses shown, but becauseof the above-mentioned
bationwill be seenbelow, selectioncriteria, the numberof wavesfor which

Raw data from MBO three component station
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Fig. 4. Rawdatafrom MBO three-componentstation.The tidesareclearlyvisible on bothverticalandhorizontalcomponents.
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Table 1
Tidal analysisresultsprovidedby the HYCON least-squaresfitting code;we keptthe wavesfor which r.m.s. (6) < 0.1 and r.m.s.
(K) < 5°(HYCON givesthe r.m.s. residuallevel in microgal in the threediurnal, semi-diurnalandter-diurnalfrequencybands,as
well as in the full frequencyband). c(95)% is the95% confidenceinterval

(a) Banguistation(BNG); 2 December1989; 30 days; Lat. + 04.435°;Long. +18.546°

No. Tide 6 r.m.s. c (95%) K r.m.s. c (95%)

6 Ki 1.6709 0.1106 0.2293 —35.79 2.90 6.00
13 M2 0.5631 0.0183 0.0380 14.51 1.86 3.87

Diurnal 1.Spectr.domain:11.9—16.9degreesh
1 MO = 11.35 sgal

Semi-diurnal 2.Spectr.domain:26.8—31.8 degreesh~ MO = 22.50~tgal
Ter-diurnal 3.Spectr.domain:42.2—47.2 degreesh~1MO = 3.46 jsgal
Sum 4.Spectr.domain:0.0—180.0 degreesh’ MO = 6.24 ~igal
MO = equivalenttime standarddeviation
Temperaturealsorecorded.
Many interruptions(possible long).

(b) M’Bour station(MBO); 22 December1988; 39 days;Lat. + 14.390°;Long — 16.955°

No. Tide 6 r.m.s. c (95%) K r.m.s. c (95%)

4 01 1.1415 0.0252 0.0516 —3.31 1.26 2.59
6 K1 1.0900 0.0154 0.0315 —16.08 0.81 1.65

12 N2 1.2390 0.0266 0.0545 —0.96 1.23 2.52
13 M2 1.1963 0.0044 0.0090 —1.70 0.21 0.43
15 S2 1.3154 0.0111 0.0226 3.58 0.48 0.99
17 M3 0.9582 0.0849 0.1739 4.24 5.08 10.40

Diurnal 1.Spectr.domain:12.0—17.0degreesh’ MO = 8.42 ~gal
Semi-diurnal 2.Spectr.domain:27.1—32.1degreesh’ MO = 5.72 ~gal
Ter-diurnal 3.Spectr.domain:42.1—47.2degreesh1 MO = 1.99 ~sgal
Sum 4.Spectr.domain:0.0—180.0degreesh1 MO = 3.08 ~igal

(c)Echerystation(ECH); 17 August 1989; 55 days;Lat. +48.216°;Long — 07.158°

No. Tide 6 r.m.s. c (95%) K r.m.s. c (95%)

3 Qi 1.2035 0.0504 0.1019 — 1.63 2.40 4.85
4 01 1.1507 0.0109 0.0220 —0.88 0.54 1.10
5 Ml 1.2272 0.0975 0.1974 14.70 4.55 9.22
6 Ki 1.1512 0.0109 0.0220 2.21 0.54 1.10
7 Ji 1.4698 0.1208 0.2446 1.75 4.71 9.53

12 N2 1.1373 0.0273 0.0552 0.77 1.38 2.78
13 M2 1.1497 0.0059 0.0120 1.82 0.30 0.60
15 S2 1.1814 0.0119 0.0241 1.88 0.64 1.29

Diurnal 1.Spectr.domain:12.1—17.0 degreesh1 MO = 7.99 ~gal
Semi-diurnal 2.Spectr.domain:26.9—32.1 degreesh 1 MO = 4.05 ~gal
Ter-diurnal 3.Spectr.domain:41.9—46.9 degreesh~MO = 2.13 ~gal
Sum 4.Spectr.domain:0.0—180.0 degreesh~MO = 2.42 ~rgal
Pressurealso recorded.

(d) Strasbourgstation(J-9); 17 August 1989; 55 days;Lat. +48.622°;Long — 07.684°

No. Tide 6 r.m.s. c (95%) K r.m.s. c (95%)

1 SIQi 1.0715 0.0468 0.0948 —3.13 2.50 5.07
2 SIG1 1.1207 0.0092 0.0186 —0.75 0.47 0.95
3 Qi 1.1353 0.0020 0.0041 —0.56 0.10 0.21
4 01 1.1425 0.0004 0.0009 —0.12 0.02 0.04
5 Ml 1.1494 0.0039 0.0079 —0.32 0.19 0.39
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Table 1 (continued)

No. Tide 6 r.m.s. c (95%) K r.m.s. c (95%)

6 Kl 1.1369 0.0004 0.0009 0.20 0.02 0.04
7 31 1.1640 0.0048 0.0098 0.07 0.24 0.48
8 001 1.1518 0.0056 0.0113 0.05 0.28 0.56
9 Vi 1.1492 0.0283 0.0573 —0.93 1.41 2.86

10 EPS2 1.1511 0.0336 0.0680 1.61 1.67 3.38
11 2N2 1.1529 0.0065 0.0132 2.68 0.33 0.66
12 N2 1.1766 0.0014 0.0029 2.20 0.07 0.14
13 M2 1.1850 0.0003 0.0006 1.79 0.02 0.03
14 L2 1.2603 0.0151 0.0307 0.16 0.69 1.39
15 S2 1.1893 0.0005 0.0010 0.43 0.02 0.05
16 ETA2 1.2124 0.0243 0.0492 —1.42 1.15 2.32
17 M3 1.0624 0.0266 0.0539 —0.02 1.43 2.90

Diurnal 1.Spectr.domain:12.0—16.9 degreesh~MO = 0.32 ~gal
Semi-diurnal 2.Spectr.domain:27.1—32.0 degreesh’ MO = 0.21 ~tgal
Ter-diurnal 3.Spectr.domain:42.1—47.0 degreesh~MO = 0.23 ~tgal
Sum 4.Spectr.domain:0.0—180.0 degreesh~MO = 0.14 ~tgal
Pressurealsorecorded.

(e) Echerystation(ECH); 10 May 1990; 127 days;Lat. +48.216°;Long —07.158°

No. Tide 6 r.m.s. c (95%) K r.m.s. c (95%)

3 Qi 1.1966 0.0497 0.0988 —1.08 2.38 4.73
4 01 1.1234 0.0097 0.0192 —2.42 0.49 0.98
6 K1 1.0922 0.0063 0.0126 0.35 0.33 0.66
7 Ji 1.3825 0.1127 0.2239 —1.57 4.67 9.28

12 N2 1.1299 0.0267 0.0531 0.40 1.35 2.69
13 M2 1.1577 0.0055 0.0109 0.36 0.27 0.54
15 S2 1.2189 0.0130 0.0259 0.54 0.61 1.22

Diurnal 1.Spectr.domain:11.9—17.0degreesh’ MO = 10.78 ~Lgal
Semi-diurnal 2.Spectr.domain:27.0—31.9degreesh~ MO = 5.72 JLgal
Ter-diurnal 3.Spectr.domain:42.0—47.0degreesh 1 MO = 2.23 jt gal
Sum 4.Spectr.domain:0.0—180.0degreesh’ MO = 3.05 ~gal
Signalperturbedby radio link glitches.

(f) Crozet station(CRZF); 16 February1989; 111 days;Lat. —46.430°;Long —51.861°

No. Tide 6 r.m.s. c (95%) K r.m.s. c (95%)

3 Q1 1.1455 0.0300 0.0597 2.76 1.50 2.98
4 01 1.1839 0.0065 0.0129 —0.42 0.31 0.62
5 Ml 1.1663 0.0534 0.1064 —1.13 2.62 5.23
6 Ki 1.1309 0.0053 0.0106 0.29 0.27 0.54
7 Jl 1.2409 0.0756 0.1506 7.61 3.49 6.95
8 001 1.0685 0.0845 0.1683 3.63 4.53 9.02

11 2N2 1.2675 0.0705 0.1405 4.80 3.19 6.35
12 N2 1.2466 0.0164 0.0326 —2.29 0.75 1.50
13 M2 1.2062 0.0035 0.0069 —3.37 0.16 0.33
14 L2 1.0925 0.0944 0.1880 —3.91 4.95 9.86
15 S2 1.1708 0.0060 0.0120 —1.70 0.30 0.59

Diurnal 1.Spectr.domain:12.0—17.0 degreesh~MO = 6.88 /Lgal
Semi-diurnal 2.Spectr.domain:27.0—32.0 degreesh~MO = 3.56 ~gal
Ter-diurnal 3.Spectr.domain:42.0—47.0 degreesh’ MO = 2.61 ~tgal
Sum 4.Spectr.domain:0.0—180.0degreesh

1 MO = 3.18 j~gal
Four disturbancescausedby calibrationtests.
Temperaturerecordingout of scale.
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Table 1 (continued)
(g) Kerguelenstation(PAP); 24 July 1990; 110 days;Lat. —49.305°;Long —70.213°

No. Tide 6 r.m.s. c (95%) K r.m.s. c (95%)

4 01 0.9590 0.0902 0.1796 —4.88 5.38 10.73
6 Ki 1.2243 0.0815 0.1623 —3.01 3.81 7.60

13 M2 0.9899 0.0240 0.0477 —6.79 1.39 2.76
15 S2 0.9566 0.0407 0.0811 0.14 2.44 4.86

Diurnal 1.Spectr.domain:12.0—17.1degreesh’ MO = 92.40~tgal
Semi-diurnal 2.Spectr.domain:26.9—32.0degreesh

1 MO = 22.25 ~iga1
Ter-diurnal 3.Spectr.domain:42.0—47.0degreesh~ MO = 9.96 ~gal
Sum 4.Spectr.domain:0.0—180.0degreesh~ MO = 25.09 ~igal
Two disturbancescausedby recenteringof themass.
Threedisturbancescausedby calibration tests.
Temperaturealsorecorded.

results are given is variable. We also give the in the full frequencyband (from zero to the
r.m.s. noise level in different frequencybands: Nyquist frequency). In the three last lines of
diurnal, semi-diurnaland ter-diurnal, as well as Table 1, it can be seen that ECH and CRZF

Processed data

BNG
0.02

BNG (Temperature in degrees) 0.00

:~_ log ~ I

~ioo~~M~ ECHI

Time in day
Fig. 5. Processeddata atBNG, MBO, ECH and3-9 with the temperatureat BNG andthe pressureatECH. The durationsare
betweenabout1 and2 months.
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provide good-quality data, but those from PAF uncertainties,areverydifferent from the classical
are rather disappointing.As pointedout by Ag- expectedvaluesrelatedto astandardEarthmodel
new and Berger (1978), the noise levels on the (6 = 1.16 and K = 0°) (Melchior, 1978; Wahr,
gravimetersof the IDA network are higher for 1981). The gravity effect causedby oceanicload-
stationson islands.This would explain why the ing can partially explain thesedifferences,espe-
PAF signal is noisy. The sameshould apply to cially for coastalsitessuchas MBO. However,at
CRZF; however,this is not the caseand we are BNG the POS signalis often interrupted,some-
thereforeleft with additionalnoisesourcesowing times for a long time (12 h or more). The pro-
to poor atmosphericconditions at this station gram for filling the gaps is a powerful tool for
and/or to aninadequatethermalshieldingof the short time gaps,but fails whenan extremesitua-
cavein which the instrumentis located. tion is encountered,as at BNG. In addition, at

The actualvaluesof 6 and K are sometimes this station,time errorsmight also haveoccurred.
doubtful, in spiteof the chosenr.m.s. threshold The results from MBO are in good agreement
proposedfor wave selection (e.g. see the BNG with those provided by a LaCoste—Romberg
data). We found 6 factorsvarying from 0.56 to gravimeteroperatedat the samesite by the Ob-
1.67 and K between— 36°and + 14°.Theseval- servatoire Royal de Belgique; for instance,the
ues,which aredeterminedwith acceptableformal valuesrelativeto thesemi-diurnalwave M2 found

Processeddata
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2 ECHo 100
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~ 0
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1
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0

0 20 40 60 80 100 120 -1
Time in day

Fig. 6. ProcesseddataatECH, CRZF andPAPwith thetemperatureatPAP.Thedurationis about3 months.



170 R.Pillet etal. /PhysicsofEarth and PlanetaryInteriors 84 (1994)161—178

from a 227 day spring gravimeterdata set are be underestimated.Two major reasonsexplain
6 = 1.1993±0.0027 and K = — 1.58±0.13°(P. why the resultsrelativeto the samestationdiffer
Melchior, personal communication, 1992), and —the different time duration and the fact that
are within the error bars of the seismometer the shorterdataset (55 days) was correctedfor
results (seeTable 1). local atmosphericpressurewhereasthe longer

datasetwasnot (the pressurewasnot available).
In Fig. 8, which shows the resultsof the corn-

4. Comparisonof results from different stations parisonbetweenECH andJ-9(asuperconducting
gravimeter),we observe two main features: (1)

Two signalshavebeenprocessedat the same the error ellipsesfor ECH arealwaysmuch larger
station, ECH; one is 55 days long and the other than those for J-9—this shows effect on tidal
lasts127 dayswithout any overlap.The results (6 fitting of the larger residualnoise(see Table 1);
and K values)for the main wavesobtainedfrom (2) the values of 6 and K from ECH are, in
the tidal fitting codeHYCON areshown in Fig. general, more scatteredaway from the origin
7. For the wavesof small amplitude with a large (6 = 1.16 and K = 0°)than thosefrom J-9, except
uncertainty,the resultsoverlap,but for large-am- for N2 andM2. The main reasonfor the differ-
plitude waves (such as Ki) the differencesbe- ence in the tidal results betweenthesetwo sta-
tweenthe two sets of resultscan be greaterthan tions, which are geographicallyclose (less than
the r.m.s. valuesprovidedby HYCON. It should 100 km), is, in our opinion, the quality of the
benoted that theser.m.s. valuesareonly formal instruments(the time duration is the sameand
errorsfrom the least-squaresmethodand do not both records havebeencorrectedfor pressure).
include the effects of disturbancesin the signal As previouslynoted,anydeviationof the 6 and K

itself; in otherwords, the r.m.s. valuesmay well factorshasfirst to becorrectedfor oceanloading

~

1.08
-4 0 Kappa 4

Fig. 7. Comparisonbetweenanalysisof two sets of data at ECH, the durationsbeing 55 and127 days,respectively.The ellipses
showther.m.s. errorson thegravimetricamplitudeandphasefactors.The arrowsstartatthe locationof theresultsfor theshorter
duration(55 days) andend at the locationof the resultsfor the longerduration(127 days).
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beforebeing interpretablein termsof the Earth’s or MBO. Thesecomponentsarebadly modelled
(an-)elasticityor other physical properties(e.g. at BNG andPAP. The residualspectrumampli-
Rydeleket al., 1991). tude is 20 times smaller at J-9 than at ECH for

The tidal residual signals from the least- the sameperiod.
squaresfit are shown in Figs. 9 and 10. The Fig. 13 shows the effect of the atmospheric
amplitude of the residualsat PAP is 10 times pressureon the signal at ECH. Signal A is the
largerthan thoseobtainedat MBO andECH. At tidal analysisresidualobtainedwithout any cor-
BNG, the athplitude of residualsis also 10 times rection for the pressuresignalC (note the large
larger than thosefrom MBO andECH, which in oscillation at the end). Introducing the pressure
turn are 10 times larger than those at J-9. It signal as an additional channelin the HYCON
should be noted that the meanresiduallevel is least-squarescodeleadsto the fitted valueof the
about 2.5 j.Lgal at ECH, whereasit is actually barometric admittance (close to 0.3 ~gal/
sometens of nanogalsat stationsusingLaCoste- mbar_1), allowing correctionfor gravity changes
Romberg gravimeters(Zürn et al., 1991) or su- inducedby local pressurefluctuations.The cone-
perconductinggravimeters(Richer, 1986;Ducar- spondingresidualsare plotted as B: the above-
me et a!., 1986; Florschet al., 1991).The spectra mentionedoscillation disappearsand,becauseof
of residuals(Figs. 11 and12) correspondto van- the reductionin the averagenoise,an additional
ousresolutionsdependingon the signalduration tidal wave was able to reachthe thresholdwe
for a given station. For instance, semi-diurnal definedfor selectionof significant waves.
wavesarebettermodelledat CRZF than at ECH The top signal on Fig. 14 is the tidal analysis

1.16 ~ ~
N2

1
Ki

1.10
.3 0 Kappa 3

Fig. 8. Comparisonof the resultsobtainedat ECH (55 days) and at 3-9 (55 days). The ellipsesrepresentther.m.s. errorson
gravimetricamplitude andphasefactors.The arrowsstart at the location of the resultsfor ECH and end at the location of the
resultsfor J-9.
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residual at ECH without any correction of the location X before introducingthe gap; however,
disturbancemarked X in Fig. 3. It can be seen finding the right amplitudeoffset is difficult and
that the residualsignalis highly perturbedaround we did not investigate this point further. This
this offset and that there are bursts of noise exampleclearly shows the limit in using STS-1
spreadover the signal,especiallyat the locations seismometersin the tidal domain,where similar
marked1, 2 and3. WhencorrectingtheX distur- offsets often occur and remain difficult to fully
bancebefore the tidal least-squaresadjustment, remove.
the residual signal is much cleanerat the noisy If the interpretation of the tidal results in
locations,as shown in the lower curveof Fig. 14. terms of global geodynamicsis certainly prema-
The correction technique was, however, ex- ture, we havebeenable to show that the STS-1
tremely rough: we havesimply introduceda gap seismometersprovide a gravity signal of interest.
of a few hoursat the locationof the disturbance However, much work remainsto be done before
and filled it with a synthetic tide plus a linear the qualityof the measurements(andrecordings)
drift. A bettercorrectioncould be madeby first canfully competewith resultsfrom good tideme-
determiningthevalue of the offset (if any)at the ters. We describe below several uncertainty

Gravity residuals

~ BNG

MBO~

6111110 II 20 40
Time in day

Fig. 9. TidalresidualsatBNG, MBO, ECH andJ-9.Thescalefactorfor J-9is 10 timessmallerthantheothers.
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sourcesdegradingthemeasurementsof theSTS-1 measurementsof tidal amplitudes(see,e.g. Hin-
seismometerswhich could be at leastpartly cor- derer and Legros, 1989). Only recently,calibra-
rectedfor in the future. tion methodsusing a parallel registration with

absolutegravimetersor otherwell-calibratedrel-
ative metershave been tested for gravimeters

5. Uncertaintysources which guaranteecalibrationfactorsslightly better
than 1% (see,e.g.Hinderer et al., 1991; Wenzel

5.1. Calibration et al., 1991). In this study we have used the
calibration factor given by the manufacturer,

One major problem in tidal researchis the which has a nominaluncertaintyof the order of
calibrationof the instruments.Oneneedsan ex- 1% (beforeinstallation).It is clear that theprevi-
tremelyprecise calibration factor (ideally better ous method could be applied to calibratebetter
than one part per mil) before extracting useful the STS-1seismometers(for analternativeproce-
information on the Earth’s dynamics from the dure, seealso Bernard et al. (1991)). Obviously,

Gravity residuals

~

0 I I I I I I I I I I I I I I I I I I I I

~

~:~1111hh111hh1hh1~1 III

I I I I I I I I I I I I I I I I I I I I I I I I

0 40 80 120
Time in day

Fig. 10. Tidal residualsatECH, CRZF andPAP.The durationis about120 days.Thescalefor PAPis five timeslargerthan the
others.
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the consequenceof calibrationerrorswould be to greater(over500 mV, theinstrumentis re-centred
extendthe error ellipsesof Fig. 7 and8 into ovals and the POS signal is then centredaroundthe
lengthenedin the directionof 6. zero voltage). The signal is less well described

when it is far from 0 V; this is a first sourceof
uncertainty.Thevariablegainis ananalogopera-

5.2. Twelve-bitdigitization andadaptivegain-rang- tion, and the gain, which equalstheoreticallya
ing power of two, hasnot exactlythis value, so that

we havea secondsourceof uncertainty.A 24-bit
For the GEOSCOPEstationsmaintainedby (\TBB) acquisitionsystemshould cancelthis un-

Strasbourg,the voltage proportional to POS is certainty,which is difficult to estimate.The ana-
digitized by a 12-bit analog-to-digitalconverter log signalrangecannotbe set closeto the maxi-
with an adaptive

2N gain with N = 10 (Pillet et mum tide amplitude,becauseone must takein
al., 1990). This meansthat a signal varying be- account the thermal drift, which can reach sev-
tween—10 mV and 10 mV is quantizedin digits eral timesthetidal amplitude.However,themag-
of about5 MV andthata signalcloseto 500 mV is nification of the signalPOScouldbeincreasedby
representedby digits of 300 MV, i.e. 26 (64) times a factor of 10—20 at somestations.

Amplitude spectra of the gravity residuals
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Fig. 11. Comparisonof the amplitudespectraof tidal residualsat J-9, ECH, MBO andBNG. The correspondingtime durationis
about1 month.(Note the differencein thescalefactorsbetween3-9 andthe otherstations.)
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5.3. Clockdrift tent is cut down by the high-passfiltering (cut-off
frequencyof 1/46 h), which is usedin thisstudy.

The numerical recording deviceswere origi- This showsthat if onewants to dealwith longer
nally designedfor seismic signals. For seismic signals, a better thermal stability shouldbe ob-
studies, a small drift is not embarassing.How- tamed or better temperaturecorrectionsmade.
ever,whendealingwith tides,the observedsignal Eachentranceof the cavewhere the instrument
has to last at least 1 month. Overthis duration, lies leadsto an inducedthermal drift so impor-
clock resetsoften occur. A high clock drift may tant that it cannotbe removedby a simplefilter-
causetime lags of severalseconds,which havean ing procedure.
effect on the samplinginterval.

5.5. Quality of the seismicsite
5.4. Thermalstability

The sites where seismic stations are estab-
The thermal shielding limits the temperature lished are generallybetter than those of gravi-

variation in time (dT/dt).When this insulationis metric stations,especiallywhen consideringthe
efficient, thethermalperturbationfrequencycon- short-periodnoise. For instance,ECH is buried

Amplitude spectra of the gravity residuals
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Fig. 12. Comparisonbetweenthespectraof tidal residualsatECH, CRZF andPAF. The correspondingtime duration is close to
120 days.The short-periodhigh-levelnoiseatPAPwas possiblyinducedby adversemeteorologicalconditions.
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in a gneissicrock mass whereasJ-9 is located but the signalPOSmustbe interpolatedin these
close to Strasbourg,in the Rhine sedimentary gaps to allow the analysisof long-periodsignals
basin. In addition, proximity to the oceansobvi- such as tides.
ouslydecreasesthe qualityof someof the stations
usedin this study. 5.7. Absenceof anti-aliasingfilter

5.6. Continuity of the record We do not think that the absenceof anti-alias-
ing filter is problematic:the ratio of seismicnoise

Although the numerical recordingsystem at (closeto the Nyquist period of 2 mm) to tidal
EOPGShas been designedto provide a signal amplitude is in general extremely low, of the
without interruption, some problemssometimes order of — 100 dB for BNG and PAP, as shown
occuras a resultof the useof low-quality portable by Pillet et al. (1990).This is, of course,not true
microcomputers,which are not initially designed when an earthquakeoccurs and, in this case,
for suchcontinuouswork. The resultinggapsare large-amplitudeaccelerationscanbeeasilyaliased
not harmful when processingthe seismic signal, and would corrupt the rest of the low-frequency

Echery Station

1I1~1I12b1I1~oI1~o1I

Time in day
Fig. 13. Pressureinfluenceat ECH: the signal A showsthe gravity residualswithout any correctionof the pressure,C, and the
signalB is afterpressurecorrection.The noisereduction is very clearat theendof the signal (markedX).
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Echery station, comparison of residuals

-40 -‘1’ ‘2’ X ‘3’
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V

Time in day
Fig. 14. The uppersignal is theresidualsignalatECH without correctingfor the disturbanceX in Fig. 3 beforethe tidal fit. The
lower curve showsthe residualsaftercorrection.(Note thereductionof the noisepeakclose to the areaX andthe attenuationof
the noisy segmentsmarked‘1’, ‘2’ and ‘3’.)

signal, including tides.However, during this tran- two the dynamicrangeof POS.However, it would
sient event, a gap is forced, and is refilled by be easyto modify the recordingto measurethe
interpolation. The STS-1 configuration in VBB full (LP +) (LP —) differentialvoltage.
offers a flat band-passfrom infinity to 6 mm and
a roll-off rate of 3 dB per octave.In this latter
configuration,the signalPOSis weak,but a mini- 6. Conclusions
mum anti-aliasingfiltering would clearly improve
the numericalrecording. We haveshownthat STS-1 seismometerspro-

vide a voltagePOS which can be used for tidal
5.8. RecordingPOSinsteadof LP + andLP — studiesbecauseof a good signal/noiseratio. If it

is possibleto take care of the following condi-
ThevoltagePOSis definedwith respectto the tions,the networkof STS-1seismometers,which

massand is composedfrom only one (LP —) of were designedoriginally for seismology,could be
the two differentialvoltagesavailableon the seis- used in gravimetry (although superconducting
mometer.This techniquereducesby a factor of gravimetersor LaCoste—Rombergtidemeterswith



178 R.Pillet etaL /Physicsof Earthand PlanetaryInteriors 84 (1994) 161—178

electrostatic feedbackare still superior in the Hinderer, J., 1990. Recueil de 1024 poèmes‘Gravitons et

tidal frequencybands: (1) improved calibration; Litrons’. Editions du ‘Peigne Acoustique’, Obersouffel-
,- \ . . weyersheimAlsace France.~2jbetterthermalshieldingandtemperaturesta-

Hinderer, 3. and Legros,H., 1989. Elasto-gravitationaldefor-
bility; (3) recordingof the differential signal in- mationrelativegravity changesandEarth dynamics.Geo-
steadof POS; (4) betteradjustmentof the ampli- phys. 3., 97: 481—495.

tudesignalto the digitization range;(5) useof an Hinderer,3., Florsch,N., Mäkinen, J., Legros,H. and Faller,

analog-to-digitalconverterwith morethan12 bits~ J., 1991. On the calibrationof a superconductinggravime-
. . ter using absolutegravity measurements.Geophys.3. mt.

(6) anti-ahasingfiltering to removeseismicshort 106~491—497
periods; (7) cancellationof the clockdrift with a Melchior, P., 1978. The Tidesof the PlanetEarth.Pergamon,

real-time reset or the use of a very accurate Oxford, 609 pp.

clock; (8) reduction of the numberof gaps; (9) Melchior, P. and de Becker, M., 1983. Discussionof world-

systematicrecordingof the seismometertempera- wide measurementsof tidal gravitywith respectto oceanic
interactions,lithosphericheterogeneitiesEarth’s flatten-

ture andthe atmosphericpressure.Thiswould be
ing and inertial forces. Phys. Earth Planet. Inter., 31:

of great interest for global geodynamicstudies, 27—53.
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