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Venedikov and Ducarme: Determination on the Earth tide constituents…


Determination of the Earth tide constituents generated by the tidal potentials of degree 3 and 4 for large series of observations made by superconducting gravimeters.

A.P.Venedikov1, B. Ducarme2
1 Geophysical Institute, Bulgarian Academy of Sciences, Acad. Bonchev street block 3, Sofia 1113, vened@geophys.bas.bg
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Abstract.  According to the theory of the tidal deformation, the Earth has different responses to the tide generating potentials P2, P3 and P4, of degree 2, 3 and 4 respectively. Usually, the study of the reaction to P3 and P4 is restricted to the separation of the higher frequency tidal groups M3, generated mainly by P3 and M4, generated by P4. This paper is an attempt to estimate the parameters of the P3 and P4 waves within the diurnal and semi-diurnal tidal bands, as well as the P4 waves within the third diurnal band. The numerical results are derived from the analysis of six large series of very high quality gravity tidal data. Some of these results are obtained and published for the first time in the tidal domain. In particular, the separation of the new tidal group 4TD is the first determination of P4 tides outside the P4 group M4. In addition, the estimates of 4TD appeared to be considerably more reliable than the estimates of M4.

Key words:  Earth tides, tide generating potential, Tamura tidal potential, tidal analysis.
1. Introduction. 
The tide generating potential P is an infinite series of spherical harmonics, like
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where the term 
[image: image2.wmf]k

P

 is called potential of degree k. The energy is quickly decreasing with k, so that the terms with 
[image: image3.wmf]4

>

k

 have no practical importance.


Fig. 1 represents the spectrum of the tidal gravity variations (vertical component of 
[image: image4.wmf]P

 

grad

), obtained through the development of P in trigonometric series. The spectrum is partitioned into components, generated by 
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Each line in Fig. 1 represents a cosine wave, called a tide. The so-called development of Tamura (1987), used here, includes 1200 tides. The plotted magnitude is proportional to 
[image: image6.wmf]4
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, where h is the amplitude of the tide. This scale has been chosen in order to amplify the small amplitudes and make them visible. The actual ratio between the amplitudes of the main lunar tides M2, M3 and M4 is 
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All tides are clearly separated in 5 main tidal species: LP (long period), D (diurnal), SD (semidiurnal), TD (third diurnal) and QD (quarter diurnal) tides. We have the following distribution of the 
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 tides:
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 generates only LP, D and SD tides, which are the most important constituents; 


[image: image10.wmf]3
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 generates some LP, D and SD tides, as well as nearly all TD tides; 


[image: image11.wmf]4
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 generates some LP, D, SD and TD tides, as well as all QD tides. 

Here we shall not deal with the LP species, because they are eliminated with the drift in the computation procedure. 


According to the classical theory of Love for the tidal deformation, the reaction of the Earth to 
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, 
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 and 
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 is different. If 
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 is the gravity amplitude factor related to 
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P

 we have, roughly,
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i.e., more generally, 
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There is no problem to get 
[image: image19.wmf])
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 separately for the QD tidal species, generated entirely by 
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. It is, however, a problem to get 
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 and 
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 in the D, SD and TD bands, where tides generated by different degrees of the potential are mixed up.

The relation (2) generates a problem for the tidal analysis. As shown in the next part, the analysis deals with groups of tides, about which we suppose that the factor 
[image: image23.wmf]d

 is one and the same. Since 
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, 
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P

 and 
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 tides fall in the same group, this assumption is not correct. Schüller suggested modulating the theoretical amplitudes of the 
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 tides as a function of ((P3)/((P2) and dealing with them as if they are generated by 
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. This solution has been implemented in all the tidal analysis methods (Wenzel, 1994; Venedikov & al., 1997a).


Dittfeld (1991) has shown that this correction is insufficient. He observed significant time variations in the SD tidal group L2 due to the coexistence in L2 of 
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 and 
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 tides.

Melchior & al. (1996) have used a very large tidal series, which allows separating some 
[image: image31.wmf]3
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 tidal groups in own groups, without other modifications of the analysis procedure. Thus they obtained the first estimates about the tidal parameters of the D and SD tides, generated by 
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.


In (Venedikov et al., 1997b) a new model of the tidal signal has been suggested. It allows getting separately all D and SD tides generated by 
[image: image33.wmf]3
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. The aim of the present paper is to give some new results of both 
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 and 
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P

 tides, obtained by the new program VAV (Venedikov et al., 2001)

2. Modelling the tidal signal and grouping the tides depending on the degree of the potential.


Most of the methods for Earth tide data analysis, namely (Chojnicki, 1973, Schüller, 1977, Tamura et al., 1991, Wenzel, 1994), have used the model of the tidal signal, suggested by Venedikov (1961, 1966). This model is based on the general representation of the signal 
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Here 
[image: image38.wmf]w

 is a frequency of a tidal wave,
[image: image39.wmf]w
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 is a theoretical amplitude and 
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 is a theoretical phase at time t. The 
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 and 
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 are well known quantities, derived from the development of the tide generating potential. The coefficient
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is the admittance function, describing the reaction of the Earth and the instrumentation to a tide with frequency 
[image: image45.wmf]w

. Its elements 
[image: image46.wmf]w
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, called amplitude factor, and 
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, called phase shift, are unknown quantities.


The classical harmonic analysis uses as unknowns the observed amplitude 
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 and the observed phase 
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 of each wave. The inconvenience of these unknowns is that their number is excessively large. 

In the same time, according to the theory and the practice, 
[image: image50.wmf]w

d

 and 
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 are only slowly depending on 
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 and, actually, we have only a restricted number of really different 
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. In this connection the model referred above is based on the assumption that there are m intervals 
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Fig. 2.a. shows a possible selection of such intervals.

By using (5), the expression (3) can be replaced by
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In such a way the enormous number of classical unknowns could be replaced by a moderate number of 2m unknowns 
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It has been accepted to say that all tides with 
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 belonging to a given interval 
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 form a tidal group, with the name, usually, of the main tide of the group, as shown in Fig. 2.a. 

If 
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 are the frequencies of the most important tides in the neighboring intervals 
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where 
[image: image65.wmf]T

D

 is the time interval of the tidal record. This rule is taken from the theory of the discrete Fourier series. However, it appeared that it should not be strictly observed for particular pairs of tidal groups. The groups in Fig. 2.a. are chosen according to this rule for 
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 corresponding to rather short records length of 1 month or so. 


For data of high precision the definition of the groups simply as intervals is not satisfactory. In one interval may fall tides of origin 
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, which do not satisfy the assumption (5).


Our general idea to escape from the situation is to define 
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 as suitably chosen sets of 
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, for which the assumption (5) remains reasonable. Thus the groups defined in a way similar to Fig. 2.a should be applied only for the 
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 tides. Those generated by 
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 and 
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 should be extracted to form additional groups. Fig. 2.b shows two variants of creating 
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 groups. Some 
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 groups will be shown somewhat later.


In this way of creating our model, the commensurability rule (7) cannot be applied to two groups generated by different 
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, because such groups are parallel. The decision to separate such groups should be taken after numerical experimentation.

3. Data selection.


In principle, the separation of the groups 
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 and 
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 is interesting only for large series of data of very high quality. One of the reasons is that these groups are mixed with the different 
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 groups , which makes the separation problematic. Another reason is that the amplitudes of the 
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 and 
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 constituents are much lower than the power of the
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terms. Due to this the estimates of 
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 and 
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 groups are subject to a stronger effect of the noise. In accordance with these we have selected the largest series among the superconducting gravity data (Table 1.), collected by the Global Geodynamics Project (GGP) (Crossley, 2000) and carefully checked at the International Centre for Earth Tides (ICET) (Ducarme & Vandercoilden, 2000).
Table 1.  List of selected series of superconducting gravity data.

	Station

Country
	Instrument

or sensor
	Latitude

Longitude
	Time interval

	Boulder

USA
	GWR CO24 
	 40.13o

254.77o
	 04.1995

-08.1998

	Brasimone

Italy
	GWR T015
	 44.12o

 11.12o
	 08.1995

-02.2000

	Brussels

Belgium
	GWR T003
	 50.80o

  4.35o
	 04.1982

-03.2000

	Cantley

Canada
	GWR T012
	 45.58o
284.19o
	 11.1989

-12.1998

	Potsdam

Germany
	GWR T018
	 52.38o

 13.07o
	 06.1992

-10.1998

	Strasbourg

France
	GWR T005,

GWR C026
	 48.62o

  7.68o
	 07.1987

-04.1998



The data have been analyzed by the VAV program (Venedikov et al., in print). One of the options of VAV is to find and eliminate automatically some data with anomalies and perturbations. Since our task needs an extremely high precision, we have used this option, described hereafter.


In the first stage of the processing VAV transforms the hourly data, i.e. the data from the time domain, in a time/frequency domain. This is made by applying filters on intervals of length 
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We can say that the data pass through a time window 
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 without overlapping. 

Through this operation we get, for every epoch T in (8), the filtered numbers
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and 
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 is a frequency, taking the values:
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At the second stage of the analysis the 
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 are treated by the Method of the Least Squares, which provides estimates of the tidal parameters. Then we can get the residuals 
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 is supposed to be a Student coefficient. We have used, somewhat deliberately, the classical 
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 (the 3 sigma rule).


Fig. 3 is an example of the residuals, with the corresponding threshold level. Most important features in this picture are: (i) the noise is frequency dependent, steadily decreasing with the increasing of the frequency 
[image: image105.wmf]W

 and (ii) there are important anomalies, possibly not purely random, also frequency dependent.
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Further, after these computations, VAV decides that if 
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for 
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, at least for one of the frequencies 
[image: image108.wmf]W

, the data of the interval with epoch 
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 should be eliminated in a next analysis. 
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This operation can be repeated automatically a given number of times, i.e. successive iterations, each time with new eliminated data. The initial analysis, with all data, is considered as zero iteration, the next one, with the first set eliminated data, as iteration 1, and so on. The iterations may be considered as successful, if the m.s.d. of the parameters are decreasing.


In Fig. 4 we show the residuals for the SD band at two iterations. The threshold level is considerably decreased, which means an increasing precision. The eliminated data are not shown on the curve. The rejection is particularly strong in the perturbed time interval (450,550) where nearly all data are eliminated.


Fig. 5.a also shows the existence of strong anomalies, concentrated at some intervals, in the data from Brussels, which are the longest ones. According to the eliminated blank intervals in Fig. 5.b., most of the perturbations are concentrated during the first two years of observation. 
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Fig. 6 and Fig. 7 give examples of the effect of the elimination procedure. In all cases the process is convergent. The improvement of the precision is not negligible, although the changes of the 
[image: image110.wmf]d

 values are not very big. The grouping corresponds to variants 1 in Fig.2.b and Table 5.
Fig.7 shows the effect of the elimination for station Brussels on the analysis results. The picture is not identical to Fig. 6, but, in principle, it is not very different. Since the volume of the data is higher than in station Boulder, we needed more iterations to reach a convergence. The gain in relative precision 
[image: image111.wmf]0
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 is lower but the initial m.s.d. were much lower.


4.  Results of the analyses.

4.1.  Determination of tidal groups generated by the 3rd degree potential.


We have tested the variants of grouping shown in Fig. 2.b. In order to draw valuable conclusions about the variants we have used the longest available series from station Brussels. 


A problem to solve is the choice of the filters. After multiple analyses we have chosen: time window 48 hours and power of the eliminated drift polynomials 
[image: image112.wmf]3
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.

The results are given in Table 2. In both D and SD species the Akaike criterion (AIC) is slightly in favor of the grouping variant 1 compared to the variant 3, because AIC is slightly lower. Another simple fact is more convincing – that the estimated 
[image: image113.wmf]d

 for the 3 groups are not significantly different except perhaps for 3MO1. Under these circumstances we have decided to follow the principle of parsimony – to give preference to the variant 1 with 2 unknowns instead of the variant 3 with 6 unknowns. 

Table 2.  Station Brussels. Estimated amplitude factors ( for groups generated by P3: variants 1 and 3 groups.
	Number of tides in the group
	Symbol of Darwin
	Amplit.

Factor

   (
	m.s.d.

  of (
	  AIC

	

	Variant 3 D groups

	     29
	3MK1
	1.08284
	0.00782
	27 451

	     36
	3M1 
	1.08060
	0.00242
	

	     26
	3MO1
	1.09658
	0.00663
	

	Variant 1 D group

	     91
	3D  
	1.08243
	0.00218
	27 447

	

	Variant 3 SD groups

	     25
	3MJ2
	1.06775
	0.00745
	22 370

	     25
	3MK2
	1.07317
	0.00200
	

	     34
	3MO2
	1.07440
	0.00206
	

	Variant 1 SD group

	     84
	3SD 
	1.07355
	0.00141
	22 362


Table 3.  Estimated amplitude factor ( for tidal groups generated by the potential of 3rd degree.

	Station
	((3D)  m.s.d.
	((3SD)  m.s.d.
	((M3)  m.s.d.

	Boulder
	 1.0617 (0.0082
	 1.0600 (0.0030
	 1.0759 (0.0012

	Brasimone
	 1.0810  

 0.0162
	 1.0750 

 0.0073
	 1.0702 

 0.0031

	Brussels
	 1.0825 

 0.0022
	 1.0740 

 0.0014
	 1.0593 

 0.0014

	Cantley
	 1.0736 

 0.0023
	 1.0894 

 0.0015
	 1.0782 

 0.0010

	Potsdam
	 1.0858 

 0.0016
	 1.0661 

 0.0014
	 1.0721 

 0.0014

	Strasbourg
	 1.0827  

 0.0020
	 1.0662 

 0.0010
	 1.0627 

 0.0010


Table 4.  Estimated phase shift ( for tidal groups generated by the potential of 3rd degree.

	Station
	 ((3D)

 m.s.d.
	 ((3SD)

 m.s.d.
	 ((M3)

 m.s.d.

	Boulder 
	-0.023o

(0.440
	 0.872o

(0.160
	 0.161o

(0.065

	Brasimone
	-0.245

 0.865
	 0.031

 0.389
	-0.211

 0.166 

	Brussels
	 0.429

 0.115
	 0.247

 0.074
	 0.384

 0.076

	Cantley 
	-0.043

 0.121
	 0.971

 0.080
	-0.302

 0.052

	Potsdam 
	 0.577

 0.085
	-0.068

 0.076
	 0.403

 0.076

	Strasbourg
	 0.884

 0.106
	-0.194

 0.053
	 0.244

 0.057



The final results are displayed in Table 3 and Table 4. They give the estimates for the newly defined groups 3D and 3SD followed by the traditionally used group M3.


The amplitude factors do not differ significantly from the theory. The phase shifts in Table 4 show only small phase differences. For M3 attention should be paid to the influence of the air pressure wave S3 (Elstner & Schwahn, 1998, Schwahn, 1999). It could perhaps explain the coherent phase behavior of M3 for the stations in Western Europe. Oceanic loading influence could not be excluded.

4.2.  Determination of tidal groups generated by the 4th degree potential.

For P4 we have tested on the Brussels data the 6 variants of grouping shown in Table 5. All of them include the pure QD group called M4. In Variant 1 all 
[image: image114.wmf]4
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 tides, outside QD tidal band, are included in one group 4DTD (from D, till TD). Variants 2, 3 and 4 are aimed to separate, in one or another way, the D and SD 
[image: image115.wmf]4
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 tides. Unfortunately, these attempts were not successful. The next Variant 5 did not provide results much different from variant 1. Unlike these attempts, variant 6, with a single TD group, was very encouraging.

Table 5.  Variants for tidal groups generated by the potential of 4th degree; the symbol xxx means “not used”.

	
	D
	SD
	TD
	QD

	Variant 1
	4DTD
	M4

	Variant 2
	4DSD
	4TD
	M4

	Variant 3
	4D
	4SD
	4TD
	M4

	Variant 4
	xxx
	4SD
	4TD
	M4

	Variant 5
	xxx
	4STD
	M4

	Variant 6
	xxx
	xxx
	4TD
	M4


Table 6.  Estimates of the amplitude factors ( for tidal groups generated by the potential of 4th degree.

	Station
	((4DTD)

m.s.d.
	((4TD)     m.s.d.
	((M4)      m.s.d.
	
	ETERNA

((M4)/msd

	Boulder
	 0.9269

 (0.0891
	 0.9455 (0.0551
	 1.1343 (0.0479
	
	 1.1475  (0.0650

	Brasimone
	 1.8827 

 0.3232
	 1.9541 

 0.1588
	 1.0485 

 0.2027
	
	 1.7020  

 0.2607

	Brussels
	 0.6261 

 0.0770
	 1.0055 

 0.0458
	 0.6805 

 0.0924
	
	 0.8349  

 0.1144

	Cantley
	 1.2815 

 0.0733
	 0.9733 

 0.0339
	 0.8123 

 0.0432
	
	 0.8356  

 0.0634

	Potsdam
	 1.0551 

 0.0707
	 1.0135 

 0.0509
	 0.4150 

 0.1019
	
	 0.3745 

 0.0964

	Strasbourg
	 0.8958 

 0.0525
	 1.0356 

 0.0340
	 0.4454 

 0.0550
	
	 0.8001  

 0.1605



Finally, we have chosen to show only the 
[image: image116.wmf]d

 factors of 4DTD, 4TD and M4, the last one only for Variant 6. These results are given in Table 6 and Table 7. The results about M4 are compared to the results obtained by the ETERNA 3.4 program.

Table 7.  Estimates of the phase shift ( for tidal groups generated by the potential of 4th degree.

	Station
	((4DTD)

 m.s.d.
	 ((4TD)

 m.s.d.
	 ((M4)      

 m.s.d.
	
	ETERNA

((M4)/msd

	Boulder 
	 -1.375o 

 (5.506
	 -2.531o  

 (3.337
	 -0.623o  

 (2.417
	
	  0.490o
 (3.248

	Brasimone
	  5.433  

  9.834
	  2.268  

  4.655
	 24.455 

 11.068
	
	 12.198

  8.776

	Brussels
	 -5.860  

  7.049
	 -2.601  

  2.607
	 61.076  

  7.782
	
	 64.057

  7.850

	Cantley 
	  5.102  

  3.276
	  6.675  

  1.999
	-25.649  

  3.046
	
	-31.388

  4.350

	Potsdam 
	  1.369  

  3.837
	 -2.976  

  2.878
	 -4.089 

 14.066
	
	 -4.946

 14.746

	Strasbourg
	 -0.476  

  3.363
	  0.954  

  1.884
	 25.616  

  7.078
	
	-154.40

  11.50


These results are more controversial. The main reason is that the energy of the 
[image: image117.wmf]4
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 constituents, especially in the D and SD bands, is very small. Due to this, we could not successfully separate the groups 4D and 4SD, as we did for the groups 3D and 3SD. Instead, the estimates of 
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 seem to provide better information about the Earth response to 
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 than the group M4. One of the reasons is that the 
[image: image120.wmf]4
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 signal in the TD band, according to the development of Tamura, is stronger than in the QD band. It is also interesting that the phases of M4, obtained by both VAV and ETERNA programs, are rather abnormal and dispersed 

The results on M4 are thus rather disappointing although VAV and ETERNA give similar results. Besides the weakness of the tidal energy in QD band, it is probably due also to additional perturbations on the harmonics of the SD tides due to shallow oceanic tides or to pressure. It should be noted indeed that the most continental station Boulder gives the lowest associated mean square deviation. A phase advance is noticed in Brussels as well as in Strasbourg, which are both influenced by the North Sea and Irish Sea shallow water components.

4.3. Conclusions.

Till now, generally, the estimated 
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 used to confirm the theory about the Earth reaction to
[image: image122.wmf]3
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. Such an agreement was already observed in the first valuable determination of 
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 (Melchior et al., 1968). The values of 
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 in Table 3 confirm this result. It is important that the new 
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 and 
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 are in accordance, more or less, with the results about M3. The low phase shifts in Table 4 are a good indication for the quality of the results in Table 3. The influence of the coherent pressure wave S3 has to be further studied and for some stations an oceanic loading contribution should not be excluded.

In the QD band external perturbations degrade the quality of the determination of M4. We can also think of oceanic tides and pressure. On the contrary, the phases of 4TD, with a small exception of Cantley, are not significantly different from zero, i.e. they are much better. 

The conclusion is that the new group 4TD provides more reliable information about 
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 than the classical group M4. According to our information, the 
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 tides in the M3 band, i.e. the new group 4TD, are determined for the first time in tidal gravity records.

Our general conclusion is the following. It is difficult to say that our estimates of 
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 and 
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 confirm clearly any theoretical figures, in particular those, given by the first expression in (2). However, 
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certainly confirms qualitatively the theory, by a general satisfaction of the second expression in (2), namely 
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Определяне на земноприливните вълни, породени от приливните потенциали от 3-а и 4-а степен, за продължителни серии от наблюдения на свръх проводящи гравиметри

А. П. Венедиков, Б. Дюкарм
Резюме.  Според теорията на приливната деформация на Земята, тя има различна реакция на приливните потенциали P2, P3 и P4 от степен 2, 3 и 4 съответно. Обикновено изучаването на реакцията на Земята на P3 и P4 се ограничава до отделянето на високочестотните приливни групи М3, породена от P3, както и М4, породена от P4. Настоящата статия е опит да се оценят приливните параметри, свързани с P3 и P4 в по-нискочестотните приливни области. Числените резултати са получени чрез анализ на шест продължителни серии от приливни гравиметрични наблюдения с особено високо качество. Някои от тези резултати са получени и се публикуват за първи път в приливната област. В частност, отделянето на новата приливна група 4TD е първото определяне на приливи от тип P4, вън от групата М4. При това оценките на 4TD се оказаха значително по-надеждни от тези на М4.
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