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Abstract.  A method for deriving the characteristics of the geomagnetic pulsations: period, amplitude, phase, ellipticity and polarisation is presented. The magnetometric data are considered as consisting of separate sinusoidal pulses possessing random initial moments, amplitudes periods, phases and duration. For the purpose, a least square trigonometric approximation is applied to obtain amplitudes, periods and phases. A confidence criterion is introduced which allows an amplitude with a certain period to be revealed, when it exceeds by a given number the amplitudes of other pulsation periods and the signal to (signal+noise) ratio.
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Introduction


The measuring systems for geomagnetic field variations and pulsations analysis usually consist of three high-sensitivity search-coil magnetometers, or 3-component flux-gate magnetometers. In most experiments the sampled frequency is over 1 Hz, thus allowing the measurement of all the spectral components. The magnetometric measurements are performed in an environment often influenced by disturbances both of natural and artificial origin. The data series contain magnetic field variations of irregular type, and sometimes events of periodical and non-periodical (impulses) course. The latter are known as geomagnetic pulsations. The geomagnetic pulsations events are of an intermittent character, they consist of different wave trains and have duration which usually ranges approximately some minutes or so. But they may continue with varying amplitude several hours, in rare cases up to 24 hours and more (Saito, 1969).


The most exploited technique for the geomagnetic pulsation time series analysis is the well-known FFT technique. For a given data set (days, months, etc.) the confident power spectra over consecutive time intervals of fixed length are evaluated. Depending on the time interval (usually several minutes or tens of minutes) bands of frequency are covered, where most of the pulsation activity typically emerges. The geomagnetic pulsation activity usually lies between 1 Hz and 0.005 Hz (Gul’el’mi and Troitskaya, 1974). An important point is the presence and the behavior of the background noise spectra of the field fluctuations. The pulsation activity is thought to emerge in the form of pulsation events of different duration and amplitude distribution over the background noise level.


In the present paper a method for magnetometric data processing is suggested. Geomagnetic pulsation characteristics - period, amplitude, phase and polarization (ellipticity and orientation) need to be consecutively determined. Especially, the analysis of the polarization characteristics allows inferring information not only for the pulsation energy sources, mode and propagation, but also for the plasma state of the structures, which they transmitted through. The ground-based pulsation recordings contain information about the ionosphere conditions, as well. Both modifications from the media and the local inhomogeneities of the terrain where the measurements are performed could overwhelm the initial polarization characteristics and increase the level of the noise. Nevertheless, the main modification factor, the ionosphere effects are, for example, clearly seen by the observed sunrise polarization rotation of various type of geomagnetic pulsations (Pc1, Pc2, Pc3 and Pc4) (Saka et al, 1982, Saka et al.,1995).


Magnetometric data


For geomagnetic processes study magnetometric data of both horizontal components of the Earth’s magnetic field variations are often considered. Due to the fact that by definition the geomagnetic pulsations are a principal part of the short-term earth’s magnetic field variations, usually their period does not exceed 600 sec, the longer period variations being usually filtered (in most cases it is performed by a hardware).  In this paper one-second non-filtered data from the L’Aquila Observatory (geomagnetic coordinates 42.5( N, 94.4( E) are processed. We shall examine the grounds for a numerical filtering of data.
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Fig. 1. The probability distribution of the filtered magnetic components measured at LAquila on 1 May 1999.


The time series of magnetic field component values are treated as an outcome of a random process (a chaotic function of an argument t (time)). The most general statistical characteristics of magnetometric data are illustrated with data on May 01, 1999 being filtered by a high-pass filter with a cutoff frequency 0.0125 Hz (i.e. variations of greater time scales are suppressed). This means that pulsations in the Pc2 and Pc3 range remains unchanged. Fig. 1 shows emprical distribution functions of both horizontal geomagnetic components that prove to follow the Laplace distribution model. For comparison a normal Gauss distribution model is also demonstrated. The mean value, as expected for filtering reasons, is practically zero and the standard deviation (the squared root dispersion) is nearly equal to 0.05 nT. From the probability distribution it is seen that pulsations with amplitude as much as 0.2 nT appear to be a too rare event for the examined day. From the distribution functions features it follows that in comparison with variations of the constant part of the earth magnetic field, the geomagnetic pulsations represent variations with much lower amplitudes. This fact is a reason to suggest an influence from the noise.
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Fig. 2.  Power spectrum of Bx and By.


Fig. 2 demonstrates the normalized power spectrum for both geomagnetic field components being calculated as a Fourier transformation of the autocorrelation function. In the frequency ranges of Pc2 and Pc3 pulsations the spectrum is continuous and increases with the period. The absence of clearly expressed local maxima shows that there are not stationary, or quasi-stationary sinusoidal pulsations of a sufficiently stable period.The example shown concerning the general probability characteristics of magnetometric data confirms the reason for their examination as a realisation of the random process - a sum of different sinusoidal wave trains (sunusoidal impulses arisen from magnetohydrodynamic disturbances in the near-earth plasma environment that seem to have sporadic initial moments, amplitudes, period, phases and durability).


Mathematical formulation 


The purpose of the present paper is to suggest a method that determines the polarization characteristics of these enhanced and disappearing pulsations during their occurrence time intervals, when it is possible to be identified with a sufficient confidence. A criterion for a confidence should be the emergence of amplitude of certain pulsation over the amplitude level of other co-existing pulsations of different periods. In other words, time intervals are sought, in which a dominant pulsation exists. According to the assumption made such time intervals (further they are termed events) are of chaotic event character and their realization should be examined in view to their localization in time.


The task exposed can be resolved on the basis of the frequency samples method known from the numerical filter theory (Muhtarov and Pancheva, 1993). It represents in essence, Fourier series transformation of a sliding time segment of fixed length. This method allows to solve both period, amplitude and phase determination problems, and data filtering problems for certain frequency intervals and has been applied for a determination of stationary amplitude and phase of the mesosphere wind tilts (Muhtarov and Pancheva, 1993, Pancheva and Muhtarov, 1994).Besides this method has been used for modeling the diurnal and seasonal courses of the ionospheric characteristics (Pancheva and Muhtarov, 1996).


The method is grounded on the following relationship
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where
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Functions ak(t) and bk(t) are time variable amplitudes of sine and cosine components with frequencies being multiples by (0. The latter corresponds to the sliding segment length T, i.e. (0=2(/T. The complete assembly of these components represents the arbitrary function accordingly. When series (1) is represented by a finite number of Fourier components:
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function y(t) would be an approximation of f(t).


Transformation (2) represents a low-pass filter with a frequency characteristic
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The approximate character of y(t) consists in the fact that it contains only those components whose frequencies, being determined by the number n and the sliding segment length T are lying within the filter band.  This is true provided that the initial function is assumed to be a composition of sinusoidal components. The filtering techniques possess a linearity property - transformation (3) of a sum of certain functions is equal to a sum of the same transformed functions. This transformation technique does not involve nonlinear deformations.


On the basis of (2), analogous formulas are derived for cases of f(t) consisting of discrete value series at equi-distant moments (r stands for one-side length of the sliding segment).


Then we have:


a) low-pass filter with a boundary frequency n/T:
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b) high-pass filter with the same boundary frequency:
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c) band-pass filter with boundary frequencies n1/T and n2/T provided that n2(n1 and n2<r:
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Fig. 3.  The measured and filtered magnetic field components in time interval 5:00-5:20 UT.





Fig. 3 shows an example of a high-pass filter (5) with n=2 and T=160s. The boundary frequency is 80s. This filter is applied to derive the main probability characteristics demonstrated in Fig. 1 and Fig. 2.


When function f (t) consists of discrete value series, its components are:
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The filtered function can be represented in the form:


	�EMBED Equation.3  \* MERGEFORMAT \s���	(8)


where ck is amplitude and (k is phase.
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Fig. 4.  Theoretically derived decomposition frequency characteristic H (eq. 11) and the coefficient of the non-linear deformation K (eq. 12). 





The properties of the decomposition (7) can be illustrated by its application to some type of functions. In the trivial case when f(t) is a sine function of period T/k and amplitude c, then ck=c and all the other amplitudes are exactly equal to zero, i.e. decomposition (7) yields the initial function accordingly. More interesting case of practical use is the case of f(t) representing an amplitude modulated sine function of the type:
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provided that Ta>T.


As follows from (7), the variable amplitude of the cosine component with a period T is given by
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The first (main) term represents the ‘recovered’ modulating function in (9) and its amplitude is not exactly equal to the initial; the second term represents the deformations of the sinusoid due to the calculation procedure. It should be noted that these deformations do not withstand the above mentioned statement that the transformation is of linear property, because according to (9) the assumed function is non-sineosoidal and even non-periodical, in general. From (10) the basic characteristics of the decomposition: frequency characteristics and coefficient of non-linear deformations can be determined. The former is a ratio of the ‘restored’ modulating function amplitude to the given (initial) amplitude. The latter is defined as a square root of the ratio of the averaged square of the introduced deformations to the averaged square of the given (initial) modulating function (i.e. a ratio of effective values of the deformations to the basic sine).
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These relationships are shown in Fig. 4 where for convenience the abscisa represents ratio Ta/T. When Ta>>T, the frequency and the non-linear deformations diminish and extinguish. This means that the slower amplitude is varying, the better the decomposition method is working. The results obtained could be applied for periodically modulated functions in an arbitrary form, because they can be represented as a sum of sines through a Fourier transformation.


The suggested method could also be applied to cases when the exact period of the basic (main) pulsation is not known. In the case that the pulsation period is known, according to (2), the instantaneous values (amplitudes) of ak and bk (attributed to the sliding segment (t-T/2, t+T/2)) correspond to such a approximation that minimizes the mean square deviation of y(t) with respect to f(t). These values are magnitudes of the Fourier series transformation of f(t) performed in this time interval. As it is known, the task for a mean squared trigonometric approximation does not possess an analytical solution when the main period is unknown.  In case that the interval, in which the period falls in, is known or determined, a method of "blind search" can be applied. For a given moment t (temporal localization), the values ak and bk are obtained for a number of periods covering by a certain step the given time interval. The period, which coincides or is the closest to the real one, will result in an approximation with a minimum mean square deviation. Of course, when f(t) is a pure sine function, the mean square deviation becomes zero provided that there is a period coincidence.In case when a non-sine function has to be approximated and/or a noise is presented, a criterion based on the ratio signal/(signal+noise) (S/(S+N)) could be applied. The ratio of averaged squares of the quantities entering in the factor and denominator is accepted. They have a meaning of pulsation power. The average square of a sine is a half of its squared amplitude. In the denominator we have an average square of function f(t) determined within the interval of the sliding segment (see (7) and (8)):
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Experimental test 


For an application of the suggested method of decomposition we use magnetometric data obtained at the L’Aquila observatory mentioned above. A decomposition of time series of both horizontal components of the magnetic field for the whole day of May 01, 1999, are filtered and shown in Fig. 3. The ellipticity and the polarization rotation angle are also determined by Stokes formulae:


	�EMBED Equation.3  \* MERGEFORMAT \s���


	�EMBED Equation.3  \* MERGEFORMAT \s���


�


Fig. 6. The orientation, ellipticity and the ration signal to signal+noise of the pulsations.
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Fig. 5.  The period T and amplitudes Cx and Cy of the filtered and decomposed pulsations.


The results are demonstrated in Figures 5-8. An event appearing in the time interval 05:06-05:10 UT has been chosen. In Fig. 5 it is well seen that the event period is stable (30s) and the Bx amplitude is stable, as well (0.15 nT). The By component amplitude is also stable (0.15 nT).  In Fig. 5 events of shorter duration with stable periods and stable amplitudes bx and by are also seen, but they will be excluded by applying a criterion for signal to signal + noise ratio, i.e. S/(S+N) (13). Fig. 6 shows the polarization rotation angle. This angle has a value of 30( about the event mentioned. The angle values are constant for this interval. The same conclusion can be drawn for the ellipticity, where the value is -0.3 for the interval mentioned. The third panel of Fig. 6 shows the confidence criterion S/(S+N) for both x and y components of the magnetic field variations. It is well seen that for the event examined, the criterion has a value ~ 0.6, i.e. the signal exceeds the noise by a factor 1.5.  The criterion value is valid for both components. The influence of the criterion S/(S+N) on the quality of the results
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Fig. 8.  The ellipticity at different levels of the confidence criterion 


�


Fig. 7. The orientation at different levels of the confidence criterion.


is shown in Fig. 7 and Fig. 8. A clip procedure with   values  of  S/(S+N)   in   the   interval  0.2-0.5  on  the  decomposed  data  are performed. In Fig. 7 it is seen that by an increase (weighting) of criterion values from 0.2 to 0.5 the event at 05:06-05:10 UT remains, that possesses an polarization orientation quite different from others and equal to 30(. The same conclusion can be drawn from Fig. 8, where the ellipticity is shown at different criterion values, ranging from 0.2 to 0.5. Again, for value of 0.5 only the event at 05:06-05:10 UT is distinguished.


A comparison between Fig.6, 7 and 8 demonstrates that the suggested criterion S/(S+N) makes possible to identify the sought events that are of sufficient confidence. As it is already seen, for decomposed data that are not clipped (Fig. 6) we have other events with shorter duration, which are supposed to be of lower confidence. It is so, because by varying the criterion S/(S+N)), we proved that these events disappear when the criterion value exceeds 0.5. The latter corresponds to the equality of the signal and noise. One can suggest that these events of shorter duration that we have been neglected are of noise character.


The method suggested allows discriminating the pulsations below the noise level, to identify pure pulsation events of sufficient confidence, and the pulsation wave characteristics. The subsequent polarization analysis of such pulsation events is suitable for various magnetospheric, ionospheric and other studies.
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Îïðåäåëÿíå íà åëèïòè÷íîñò è ïîëÿðèçàöèÿ íà ãåîìàãíèòíè ïóëñàöèè îò íàçåìíè ìåãíèòîìåòðè÷íè èçìåðâàíèÿ


Á. Àíäîíîâ, Ï. Ìóõòàðîâ


Ðåçþìå.  Ïðåäëàãà ñå ìåòîä çà ÷èñëåíà îáðàáîòêà íà ìàãíèòîìåòðè÷íè äàííè, ÷ðåç êîéòî ñå îïðåäåëÿò õàðàêòåðèñòèêèòå íà ãåîìàãíèòíèòå ïóëñàöèè - ïåðèîä, àìïëèòóäà, ôàçà, êàêòî è åëèïòè÷íîñò è ïîëÿðèçàöèÿ. Ìàãíèòîìåòðè÷íèòå äàííè ñå ðàçãëåæäàò êàòî ñóìà îò îòäåëíè ñèíóñîèäàëíè èìïóëñè ïîðîäåíè îò ìàãíèòîõèäðîäèíàìè÷íèòå âúëíè â îêîëîçåìíàòà ïëàçìà, êîèòî èìàò ñëó÷àéíè íà÷àëíè ìîìåíòè, àìïëèòóäè, ïåðèîäè, ôàçè è ïðîäúëæèòåëíîñò. Çà òàçè öåë ñå ïðèëàãà ñðåäíîêâàäðàòè÷íà òðèãîíîìåòðè÷íà àïðîêñèìàöèÿ çà íàìèðàíå íà àìïëèòóäèòå, ôàçèòå è ïåðèîäèòå. Êðèòåðèè çà äîñòîâåðíîñò ñà ïðåâèøàâàíåòî íà àìïëèòóäàòà íà íÿêàêâà ïóëñàöèÿ íàä àìïëèòóäèòå íà åâåíòóàëíî ñúùåñòâóâàùèòå ïî ñúùîòî âðåìå äðóãè ïóëñàöèè ñ äðóãè ïåðèîäè (÷åñòîòè) è ñúîòíîøåíèåòî ñèãíàë/(ñèãíàë + øóì).
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