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ABSTRACT

Florsch,N., Hinderer, J.,Crossley,D.J., Legros,H. andValette, B., 1991. Preliminaryspectralanalysisof theresidualsignalof
a superconductinggravimeterfor periodsshorter thanoneday. Phys.Earth Planet. Inter., 68: 85—96.

We show for the first time an analysisof a 1.5 yeardata set from the superconductinggravimeterin Strasbourg.For
periodsbetween7 and24 h, a residualgravity signal is first generatedby removal of themain tidal componentsby a standard
least squaresfit; this signal is then treatedto suppressany remaining transient signals (dc-spiking). At shorterperiods.
between7 h and 10 mm, a simple high-passfilter is appliedbefore de-spiking.In both cases,the noise level is estimatedin
different frequencybands;spectraof the gravity residualsare shown.We alsoanalysedby two different methodsthelocal
barometricpressure,which containsharmoniccomponentsof theS~wave relatedto airpressurechanges— drivenby diurnal
solarheating — superimposedon thefrequency-dependentmeteorologicalnoise.After removalof thedaily harmonicswhich
are alsopresentin thegravity residualspectrum,a few remainingspectrallines of possiblegeophysicalinterestarediscussed.

1. Introduction acquisitionperiod from 1 January1988 to 31 May
1989.

A superconductinggravimeter (model GWR The aim of this preliminary study is to investi-
TT7O) hasbeenoperatingsince February1987, in gate the lower limit of the gravity noise of a
a fort near Strasbourgbuilt in 1875, called J9 superconducting gravimeter record, inside and

(48.622°N, 7.684°E). After an initial period of outside the tidal bands, which can be obtained
instrumental tests, the gravity signal hasbeenre- after removingtheknown signals; theseareessen-
corded digitally since July 1987 at a sampling tially the lunisolar tidal variations(typically of the
interval of 5 mm, with the barometric pressure, orderof 100 figal in thepresentcase),in addition
thewater table level (in thewell locatedbelow the to the gravity changeinduced by the fluctuating
station), two orthogonaltilt measurementsandthe barometricpressure(typically about15 ~sgal for a
internal temperatureof thegravity sensingunit in 45 mbar change).Therefore, in order to benefit
the helium bath also being recorded.The gravity from the very high sensitivity of the cryogenic
signal is digitized every2 s and convolved with a gravimeter(of the orderof a nanogal)for detect-
low-pass,anti-aliasingfilter of 20 mm length. The ing a newgravimetricphenomenon,it is especially
data used in this study are takenfrom a 1.5 year important to carefully remove the tidal compo-

nentsfrom thesignal. It will be shown that with a
Permanentaddress:Departmentof GeologicalSciences,Mc- noise level of severalnanogal (for periods below

Gill University, Montreal,Canada. one day), the superconductinggravimeter is an
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extremelyuseful tool for studying important geo- K (Melchior, 1983). In principle, this analysis is
dynamic problems like the long-period (sub- applied to any possibletidal wavebut, becauseof
seismic) core modes of gravity-inertial origin the finite length of the record and hence the
(Melchior and Ducarme,1986; Zürn et al., 1987; limited frequencyresolution, the theoreticaltide is
Melchior et al., 1988; Mansinhaet al., 1990)or the expressedas the sum over a finite number n of
translationof thesolid inner core (Slichtermode). wavegroups(SchUller, 1977):
Of course,any (non-tidal) oscillation in theatmo- rn

sphere(or eventheoceans)in thesamefrequency s
0(t) = cos ~ A~cos(w,1t+

range (see, for example,Volland, 1988) can also i—i

lead to gravity changeswhich can be observed rn

with this type of instrument(see also Hinderer — ~ ~, sin K1 ~ A.1 sin(ca11t+ q,,) (1)
and Legros1989). z=1

At periods between7 and 24 h, tides are first In this expression,A~and are respectively
subtractedafter a least-squaresestimateof their the theoreticalamplitude andphaseof the wavej
amplitudesandphases.At shorterperiods,a sim- in group : (m is thenumber of individual waves
pie high-passfilter is applied. In both cases, a

in a givengroup i) with angular frequencyw~.
residualsignal is generatedwhich is then analysed In fact, theobservedgravity signal s(t) can be
in the frequency domain. At this first stage, the

decomposedinto the following sum:
residuals contain transient signals (spikes and
glitches), which aredue to different kinds of per- s(t) =s0(t) + n(t) + e(t) + d(t) + b(t) (2)

turbations (instrumental,earthquakesor gaps in where s0(t) is the theoretical tide (1), n(t) is a
the record). The energy corresponding to these coloured noise (e.g. microseismicnoise) and e(r)
undesirable impulses is spread over the whole

representsdisturbances(e.g. earthquakes,instru-
frequencyrange. It leads to errors in the precise mental perturbations). Since these perturbations
determinationof theamplitudesandphasesof the only occur at short time intervals(say less than a
tidal waves that were eliminated and can conse- few hours), they appearas spikes with respectto
quently mask small spectral lines. In a second the 1.5 yeargravity signal; hereafterwe reservethe
stage, these spikes are removed by a de-spiking term ‘spike’ for this kind of short transientsignal.
procedure:the signal is forced to zeroevery time d(t) is the drift of the instrument,usually mod-
it exceeds a given threshold. This threshold is elled by a polynomial of degree 1—3 (Richter,
chosenby a close inspection of the histogram of 1983). b(t) containsphysicalgravity signalswhich,
the residuals.Afterwards,a final spectralanalysis in principle, can be modelledlike the onescaused
is undertaken,which suggeststhepresenceof some by atmosphericpressure,water table level fluctua-
spectralpeaksof geophysicalinterest. tions and tilts of thebuilding, etc.

The least-squarestidal analysis attempts to
minimize the integral (T being the duration of

2. Analysisfor periodsbetween7 and24 h observation):

For analysing the gravity signal in the period F( ( ~, }, (~,})
range between7 and 24 h, the signal is first
re-sampledat hourly intervals in order to use a = J [s(t) — s0(t) — d(t) — b(t)}

2 dt

standard least squarestidal analysis code. The T

re-samplingis performedwith an efficient Finite with respect to the tidal parameters~,, ic, con-
Impulse Response(FIR) filter to preventaliasing. tamed in s

0(t). Other parameterscontained in
In a least-squarestidal fit, the observedtidal b(t) can either be assumeda priori or added as

signal is usually comparedwith the theoreticalone unknownsin the global analysis; an example is
computed for a rigid body by introducing the the barometric admittancewhich can be found
well-known gravimetric factors8 andphaseshifts simultaneously when adjusting the tides (e.g.
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Schüller 1986). The noisen(t) representsall sto- tides, polar motion). A standard tidal analysis

chasticprocesseswhich cannotbe modelledphysi- (HYCON, Schüller, 1977) is done to provide a
cally. Its energyis spreadover the time domain as first estimateof the 6 and ic parameters.A three-
well as the frequency domain; becauseof this term convolution filter is used to correct for the
spreading,it cannotbe reducedwithout affecting effect of the local barometricpressureon gravity.
the amplitudes and phasesof the tides. Conse- The histogram of the time-dependentgravity re-

quently it will limit the accuracy that can be siduals (which are the differencesbetween the
attainedin any tidal analysis.For a given spectral observedand modelled signals)is computed.The
line at a particular frequency, this accuracyde- tails of this distribution representlargeamplitude
pendsdirectly on the level of noise around the spikeswhich cannotbe consideredto containuse-
line. On the other hand, the noise e(t) also has ful information. A thresholdis chosen,in our case

energy over the whole frequency range, but is 1 ~igal, beyond which we force the signal to be
concentratedin short time intervals. Therefore,it zero; the difference betweenthe time-dependent
can be reducedby applying a de-spikingprocess raw dataand thedespikeddatais called the DSF
in theseintervals. (de-spiking function). The reduction in the noise

The following procedurehasbeendevelopedto level of the amplitude spectrumdue to this de-
remove the ‘spike’ signal e(l) from the observed spiking procedure, especially outside the tidal
gravity in order to obtain a gain in accuracywhen bands,is significant (see Fig. la and Appendix).
determining the amplitudes and phasesof the In the diurnal and semi-diurnal bands,the tides
tides. The hourly data are first high-passfiltered have not been completely removed. This stems
(using a cut-off period of 4 days) to remove any from the loss of accuracyin the estimateof the
low-frequency components (drift, long-period tidal amplitudesandphases,as mentionedabove.

(b) -
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Fig. 1. Amplitude spectraof the gravity residuals.(a) After dc-spiking. (b) After a secondtidal analysisusing the correctedgravity

signal (original data minus dc-spiking function). The low frequency noise (below 0.01 cycles h i) generatedby the de-spiking
procedureis not significant. The tides are clearly attenuatedafter the second analysis.The only (non-tidal) spectral line, slightly

abovethe ambientnoise, at 17.7 h (amplitude12 nanogal), is indicated.
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In a second processingstage the DSF is sub- Brussels spectrum by Meichior and Ducarme
tractedfrom theoriginal gravimetricdata, so that (1986), but wasnot presentin the recordfrom the
this signal no longer containslarge spikes,and a superconductinggravimeterin Bad Homburg 300
secondtidal analysisis performed.Figurelb shows km away (Zurn et a!., 1987), doesnot appearin
the spectrum(after applying a Hann window and our data. The spectralrange of Fig. I has also
8 x zero padding)of the new residualsafter the been investigated recently by Mansinha et al.
secondanalysis.The residualtidal signals(diurnal (1990) using a 4 year record from the Brussels
band about 0.04 cycle h1, semi-diurnal band superconductinggravimeter.Theseauthorsdid not
about 0.08 cycle h - and ter-diurnal band about find any statistically significant non-tidal peakin

0.12cycleh~)areclearly reduced.Thenoiselevel the bandbetween12 and24 h.
reachesabout20 nanogal in the tidal band anda
few nanogal outside. The energy below 0.0105
cyclesh— is not significant: it consistsonly of the 3. Commentson theatmosphericpressure
low-frequencynoisegeneratedon the filtered grav-
ity signal by the de-spiking procedureitself. In We analysedthe 1.5 yearlocal barometricpres-
Fig. 1, thereis only onepossiblenon-tidal spectral surechangesusing the raw 5 mm sampling inter-
line at 0.0565cyclesh’ (17.7 hour period), which val. It is well known that the pressurespectral
appearsslightly abovethe ambientresidualnoise, content is highly frequencydependent,the mean
with an amplitude of about 12 nanogal. Notice amplitude decreasingwith increasing frequency.
that a spectralline with similar features can be The amplitude spectrumof the twice-differenti-
found in the residual gravity signal recorded by atedpressuresignal with respectto time (this is
two Lacoste—Romberg spring gravimeters in equivalent to applying a high-passfilter having a
Schiltach (Germany) equippedwith electrostatic transfer function proportional to j2, where f is
feedback (Wenzel and Zürn, 1990). The 13.89 the frequency)is given in Fig. 2 on a linear scale.
hour peak, which was initially detectedin the We haveindicatedthespectrallines which clearly
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Fig. 2. Amplitude spectrumof the secondtime derivativeof the pressure.Harmonicsof the solarday S
1 arevisible up to S13.
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superimposeon the meteorological noise: these the slope of the background noise from a value
are the harmoniccomponentsof the solar day S1 close to —2 for frequenciesbelow 3 cycles day
like S2, S3... up to ~I3’ which are a well-known to a value of —1 for higher frequencies(except
feature of pressure spectra (Warburton and perhapsfor frequencieslarger than 3 cycles h~),
Goodkind, 1977; Spratt, 1982). The almost linear as mentionedabove in Fig. 2, is confirmed. The
slope in the background noise for frequencies bottom of Fig. 3 showstheamplitude spectrumof

higher than 3 cycles day confirms that thepres- the pressuresignal which is stackedin the time
surespectrumitself variesas1/f in this frequency domain (seeFig. 4). Sincethemeteorologicalnoise
range, being comparable to the statistical be- is not coherent from one day to the other, we
haviour of a 1-D Brownian noise. However, the performed this simple experiment to provide an
noise seemsto be more or less constant for fre- insight into the frequencydecreaseof theharmon-
quenciesbelow 3 cyclesday’~,suggestingrathera ics of S1. Becausewe aredealingwith exactmulti-
1/f 2 dependence.Notice also that the meanam- ples of one cycle per solar day, we stacked the
plitude of the daily harmonic lines seemsto be pressuretime signal by taking intervalsof exactly
only weakly dependenton frequency. Therefore, one day. With 600 days available, the noise is
they are clearly visible up to ~ but would be reducedby a factor of (600)1/2 25. Then a new
hidden at higher frequencies(if theyexist) by the signal is createdby repeating600 times the same
meteorological noise. The top curve of Fig. 3 daily signal and Fourier transforming it (this en-

showstheamplitude spectrumof thepressureon a ablesus to performthe procedureexactlyover the
logarithmic scale,between0.01 cycles h~ and 6 samedurationas for the raw pressuresignal). The

cyclesh~(our Nyquist frequency).Thechangein spectrallines of Fig. 3 evidently correspondto the
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Fig. 3. Amplitude spectraof the pressure.Thetop curverepresentsthe spectrumof the rawpressuresignal(obtained by averaging39

windows of 30 days, eachwith a 50% overlap). The lower part shows the spectralcontent of the pressuresignal stackedover 600
intervalsof oneday.The lowestharmonicsof S~are readily apparent.
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Fig. 4. Mean value of the daily pressureobtainedby stacking 600 successiveintervals of exactly one day.

harmonics of the solar day, which seem to be frequencydependenceof the gravity noise spec-
presentup to 0.54 cyclesh~(S13). trum is of coursedirectly related to that of the

local barometricpressure.It shouldbe statedthat
the spectra of the undifferentiated, high-pass-

4. Analysis for periods below 7 h filtered signal and its first time derivative show
similar features,supportingthe existenceof some

In the analysisfor periodsshorterthan 7 h we spectrallines that will be discussedlater.
start from raw gravity and pressuredatasampled For periodsless than 7 h, the de-spikingproce-
every 5 mm. The gravity signal is first corrected durereducesthe gravity noiseby a factorclose to
for the local barometricpressurewith a constant 4 (i.e. 12 dB). Theexistenceof spectral lines which
(frequency-independent)admittance factor (0.3 were previously hidden in the noise due to the
j.tgal mbar 1)~We take the first derivativeof the spikes, is shown in the gravity spectrum(after
gravity signal with respect to time and apply a differentiation)plotted in the upperpart of Fig. 5.
high-passfilter (using a cut-off period of 7 h) in The noisebelow 0.143 cyclesh~(using a cut-off
order to remove the tidal constituents.From the periodof 7 h) introducedby the de-spikingproce-
histogramof the filtered signal,a thresholdof 0.07 dure is not significant. Most of the spectral lines
gal is chosen and the de-spiking procedureis are harmonicsof the solar day and this appears
undertaken.Finally, a spectral analysis is per- clearly in the lower partof Fig. 5, from which they
formed by using the periodogram method (ten have been removed. The averagenoise level in
windows of threemonthswith 50% overlap).Since gravity around a given frequencyf can be easily
the natural decreaseof the gravity spectrum is obtainedby dividing the amplitude of Fig. 5 by
proportionalto 1/f, it is useful to takethe deriva- c~= 2irf. Evidently, some of the low frequency
tive of the signal to compensatefor this decrease gravity harmonicsare connectedwith the same
(a classicalprocedurecalled pre-whitening).The harmonicsin the pressure(seeFig. 2). Becauseof
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the largespatialextent of the pressuredistribution we also found in tilt measurements;we therefore
of the harmonics of S~(Haurwitz and Cowley, suspect this peak to be of artificial origin (e.g.
1973; Kikuchi, 1971; Legrosand Hinderer, 1990; periodicity in the thermal regulation of the
Van Dam and Wahr, 1987), the induced gravity gravimeterroom).
changesmay be different from those causedby We cancommentbriefly on a possibleinterac-
local meteorologicalfluctuations(Warburtonand tion between some of the high frequency(~1
Goodkind, 1977; Hinderer and Legros, 1989) cyclesh’) harmonicconstituentsof the baromet-
which are correctedhere with the help of a con- nc pressureand seismic normal modes; for in-
stantbarometricadmittance.The relatedproblem stance,the mode3~2 has an eigenperiodof 15.05
of the admittanceof gravity to pressurefor atmo- mm (for the model 1066A), which is veryclose to
spherictides(from S~to ~I3) will be investigated the solarharmonic~96~ Suppose,in addition, that
in more detail elsewhere.However, local effects S96 has a p2m (cos 0) cosmA surfaceamplitude
(suchas harmonicsof the diurnal water table level distribution as 3S2does,where0 is the co-latitude,
fluctuationsor tilt of the building due to solar A the longitude and P,,” (cos 0) the associated
heating),canalso be the sourceof some(if not all) Legendrepolynomial of degree n and order m.
of theseharmonicconstituents(especiallytowards Then,onecould imagine, in principle, that the 15
the higher frequencies).We see that there is an mm pressure-inducedgravity signal might be
accumulationof peaksat certain preferred fre- stronglyamplified by a resonanceprocesswith 3~2

quencies,especially1 cyclesh
1 and2 cyclesh1 to a level observablein the residualgravity spec-

the lineson eitherside of thesefrequenciescanbe trum. But, in fact, this hypothesisprobablydoes
producedby long-period(e.g.diurnal) modulation not hold becauseit is likely to be impossibleto
of an hourly effect. Thereis anindividual spectral find high frequencychangesin the atmospheric
line at 4 cyclesh~(S

96 of 15 mm period), which pressure which are coherent over large spatial
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Fig. 5. Spectrumof the first time derivativeof the gravity afterhigh-passfiltering and de-spiking. In the lower part, daily harmonics

have beenremoved.The low-frequencynoise(below 0.14 cycles h~) generatedby the de-spikingprocedureis not significant.
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Fig. 6. Magnification of window WI from Fig. 5. In the lower part, daily harmonicshavebeen removed.Thearrows indicatea triplet

slightly abovethe ambient noise. The dotted lines are the theoreticalfrequenciesof the Slichtermode of the inner core (for model

i066A).
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Fig. 7. Magnification of window W2 from Fig. 5. In the lower part, daily harmonicshavebeen removed.
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wavelengths.As shownby ChapmanandLindzen The threewindows Wi, W2 and W3 indicated
(1970) for the spherical harmonic expressionof in Fig. 5 are magnified in Figs. 6, 7 and 8, respec-
the lowest harmonicsof the global pressurefield tively. The first window Wi rangesfrom 0 to 0.6

— S4), we must always have the relationship cycles h~ (in fact, the lower frequency limit is
n ~ m for the surface distribution P,,

tm (cos8) 0.143 cycles h~ becauseof the cut-off periodof
cos mA relative to a harmonic wave 5,,, of the high-passfilter). The lower part of Fig. 6 is
frequency 2~rm/T,where T is one solar day. identical to the top part, but the harmonicsof the
Extrapolating this fact towards the higher solarday havebeeneliminated to emphasizethe
harmonics means that, in the case of S

96, we existenceof otherpossiblespectral lines. A triplet
would havean azimuthal number m = 96 and a indicated by arrows seemsto emerge from the
degree n ~ 96 (wavelength ~ 400 km) and no ambientnoisewith periodsof 4.63, 4.13 and 3.66
interaction at all with the degreen = 2 seismic h. We first checkedthat this triplet was not pre-
normal mode of almost identical frequency. In sent in the pressurespectrum. Notice that the
anothercontext,onecould also imaginean atmo- triplet appearson a spectrum stackedover ten
sphericcause(suddenchangein air pressureor windows of 3 monthswith 50% overlap.No clear
load during a synoptic storm, for instance) of correlationin time with earthquakesof magnitude
excitationof seismic normal modes.This could be greaterthan 7 which occurredduring dataacquisi-
anotherexplanation(quiteunlikely for energyrea- tion was found. For comparison,we have mdi-
sons) for anomalousexcitationof free oscillations catedby dotted lines the frequenciesof the three
of the Earthwhich are not associatedwith signifi- theoreticalSlichter modes(translationmodeof the
cantseismic eventsandattributedto ‘silent earth- innercore,split by rotation),calculatedby Dahlen
quakes’ (Berozaand Jordan,1990). However, the and Sailor (1979)for the Earthmodel 1066A.The
coupling between the Earth and its atmosphere actualamplitudesof the triplet can beobtainedby
has to be studiedin more detail, especiallywith dividing the amplitudeson Fig. 6 by w. For in-
respectto the boundaryconditions to be applied stance,thecentral peakat 4.13 hour(248 mm) has
for this type of excitation, a real amplitudeof 3.8 x i0~(0.242.2~r)~= 2.5

11111111 I I
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S:8?~ ~1I1~

0.010 — —

~
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Fig. 8. Magnification of window W3 from Fig. 5. In the lower part, daily harmonicshavebeen removed.
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x iO~~tgal= 2.5 nanogal. However, according to The local pressure signal is shown to contain
Crossley (1988), Slichter modes excitedby earth- harmonicsof the solarday S~up to ~13~ By taking
quakes should have amplitudesevensmallerthan the time derivative of this signal and stacking
2 nanogal. Since the frequenciesof the Slichter daily intervals throughoutthe registrationperiod,
modes are known to be highly sensitive to the the presence of these harmonics appears more
density contrast at the inner-core boundary, a clearly. Additionally, there seems to be a change
shift of the theoretical triplet towards higher fre- (around 3 cycles day’) in the frequency depen-
quencies is not excluded. dence of the barometric noise which needs to be

The secondwindow W2, ranging from 0.75 to confirmed. In the analysis of periods shorter than
1.2 cycles h~, is plotted on Fig. 7 and again 7 hours, we first take the time derivative of the
shows the presence of daily harmonics. There are pressure-corrected gravity signal(sampledevery 5
no other significant spectral lines. From a statisti- mm) in order to compensate the general shape of
cal point of view, the spectrum behaves like ran- the noise. The signal is then high-passed to remove
dom noise. If we select one frequency in the the tidal constituent. Most of the spectral lines
spectrum, we know that the probability of the present in the residual gravity spectrum are shown
occurrence of a spectral line with an amplitude to be harmonics of the solar day. After removal of
larger than twice the r.m.s. value is about 5%. these harmonics, there are a few peaks in the
Hence about 5% of the spectral lines should be gravity spectrum (especially a triplet around 4 h
larger than twice the r.m.s. value. Taking the spec- possibly related to the translational motion of the
trum, it is clear that one can expect many peaks to inner core) which are only marginally significant
exceed such an amplitude. The same kind of re- from a statistical point of view. The clear identifi-
mark applies to the window W3 (1.8—2.4 cycles cation of similar spectral features using the re-
h1) plotted in Fig. 8, where the most prominent cords of different superconductinggravimeters
remaining peak is at 27.6 mm. This shows the (stacking method) would be of fundamental im-
difficulty of identifying new modes with certainty portance and could help to separate decisively
even in a low-noise residual gravity spectrum (see local effects from global gravity changes of geo-
also Meichior and Ducarme, 1986; Richter, 1986; physical interest.
Melchior et a!., 1988; ZUrn et a!., 1987; Mansinha
et a!., 1990).
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harmonicfunction, let us first calculatethe Dis- The varianceof the amplitudeis thengiven by:
creteFourierTransform(DFT) of sucha signal.

The DFT of a discrete signal x,,, (m = 0, I Xp I — I Xp 11)2]
i,...N—i)isdefinedforn=Oto(N—1)by: R2sin2p\

= i+Rcosq+ 2 )
N-i

x,, = -~ ~ x,,, e2m~~~ R2 2

rn=O ~ 1
Let x be a pure harmonicfunction of ampli- — B (1 + -~— )~]

tudeB plus an impulseof amplitudeA locatedat To the main order of approximation,wehave:
m = k:

R2B2 A2
x,,, =A6k_,,, + B ~ R2B2E[cos2~1= 2 =

where w = 2irp/N andwhere ~ is the discrete The r.m.s.error in the amplitudeis simply:
Dirac function (0 if k ~ m). A

Performingthe DFT of x yields: expectederror=

= ~ if ~ ~ We now considera practicalexample.N should
be consideredas the numberof degreesof free-
dom in the spectrum.Taking a samplinginterval

X,, = ~e~”~” + B if P = equal to unity, N equals the duration T of the
signal, that is to say the numberof samples.Since

Hence, the spectral line squaredamplitude at our the signalis generallytaperedby a Hannwindow,
frequencyis: it is preferableto take N = T/2. Assumethat we

A2 AB havex% of the signal disturbedby transientsig-
~x 2 = — + 2-j~-cos(2irkp/N)+ B2 nals (5% is realistic) of equal amplitude A. The

~ N2 spectraof individual delta-like functions are ran-

and the estimatedamplitudeof the wave can be domnoisewhich hasto be added(we excludeany
written: periodicity in the occurenceof the spikes). The

standard deviation is then proportional to the

I X~,I = B~/f1+ 2R cos(2lTkp/N)+ R2] squareroot of x. Finally, the error expectedin the
amplitudeof any spectralline is:

A
with R = expectederror = —~-—~/i~=A/~

Assumingthat R << 1, For instance, N = 24 x 365 = 8760 hourly data
points, A = 10 figal, x = 0.05 leadsto an absolute

R2 sin2
I Xp I B(i + R COS ~ + 2 error of 17 nano~al.This is compatiblewith the

reductionof the noise observedin the spectraof
The quantity 4 = 2~kp/N is a random variable de-spikedsignalsdescribedin the text.
taking any valuebetween0 and 2ir, dependingon
the value of k, itself assumedto be random.
Hence, the expectation of I X,, I is: References
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