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Abstract

Multifractal detrended fluctaion analysisstMFDFA) has been applied ta few geomagnetic
storms of solar cycle 23,recorded at Kakioka magnetic observatdoy understand their
multifractal behaviour The multifractal singularity spectra of main phases of MarchriPApril
21 storms get-1) and thosef March 27andOctober 21 get-2) clearly illustrates theget-2 shows
arelativelygreater degree of multifractality thaet-1. The November 0@ventshows the higbst
degree ofnultifractality among all stormsThis is believed to be due to theomptpenetration of
magnetospheric electric fields to low latitudkging this event The respectiverecovery phases
of all the storms show similar behaviouralbeit with lower degree omultifractality. The
multifractal behaviour of storms @etermined to bdue to the presence of lomgnge correlations
in the dataMFDFA of solar quiet day (April 30, 2001) shows an almost monofractal balravi

1 Introduction

The science of geomagnetishatexplainsthe morphological processes responsible for variousstyp
of geomagnetic activity, ranging from a few seconds to hundreds of yweéascinating. Among
different types of geomagnetjthenomenathe geomagnetic @ims in particular, are very widely
studiedeventsof extraterrestrial origin that are still bejnprobed for better understanding of the
Earth’s external and internal magnetic environmaithough the coronal mass ejections (CME) and
subsequent ring current formation are the prime causes for occumé&ngeomagnetic storms
(Gosling et al., 1990Daglis et al., 19989 and althoughthe magnetospheric dynamics that occur
during the evolution of these magnetic storms is highly stachasid nordeterministic, it is
intriguing to observe thahe norphology of all storms is same. However, there appears to be some
order in such chaotic phenomena, which can be better visualized by studyingp#imtemporal
characteristics andnultifractal behaviour. Therefore, a deeper understanding of sultFkivesvn
chaotic sourceis alwaysimportantfor better cheacterization of the magnetospheric dynamics.

Novel signal analysis techniques such as wavelet analysis, fractal and mulsiadies, etc., aid
in effective characterization of the upper atmospheric phenonitehas long been realized that
geanagnéic field of extraterrestrial origin, particularly, the geomagnetic storms exhibit staiist
selfaffinity properties (Uritsky et al., 2001; Sitnov et al., 2001; Kovacs et al., 2001; Liu, 2002
Wanliss, 2005Balasis et al., 2006, to cite a few)adlrar et al (2013) made an explicit study of
waveletbased multiscale analysis of geomagnetic disturbance and characterized diffexead of
magnetic storms using the scaling exponent as the diagnostic tool.

While Peng et al (1994) popularizebet fractal studiesusing detrended fluctuation analysis
(DFA), which has found its applications in a vast majority of fiekntelhardt et al (200rovided
a detailed formalism fomultifractal DFA MFDFA), which is gaining its importance improved
characterizationof stochastic signals in a broader perspective. In the present stadmake an
attempt to study and compatiee multifractal behaviour ofjfeomagnetic data of solar quiet and
disturbed days of March, April, October and November of the 3@@t,corresponding to solar cycle
23 usingMFDFA technique MFDFA facilitates todetermine the Hurst exponents and multifractal
singularity spectra tanderstand the multifractal behaviour of the signéls. also discuss whether
the existence of multifdality in the data is either due to the presence of long range correlation or
broad probability distributionln the following two sections, we briefly describe the datd an
methodology of MFDFA technigu Next, we discuss the resulisscussion and cohssions.
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2 Data base and processing

For the present studyhd& geomagnetichorizontal nortksouth (H) componentdata setsof
geomagnetic storms and solar quiet (Sq) days sampleesext ihterval, recorded #ihe Kakioka
(IAGA code: KAK) magnetic obsemtory have been procured from world data cent®C-C2,
Kyoto, JapanData corresponding to magnetic stornegevidentified based on Dst index and those of
quiet days were selected corresponding to Ap < 6 (seeChandrasekhar et al., 2003) few intermittent
jumps, missing values, etc., observed in the data were corpgibedo further analysisThe data
guality of KAK observatorywasvery good andherefore not muchdataprocessingvasneededo be
doneprior to further analysis.

3 MFDFA Formulation and M ethodology
3.1. Formulation

For estimation of scaling exponentise signal under investigation must be unbounded, wtaahbe
converted to a seHlimilar process by integration (Goldberger et al., 2000). The thus generated
integrated series is divided into short windows (of equal length) thedaverage fluctuations
associated with each window of data are obtained by calculating the trexad#auaes fit) of the
data in each selected window and removing it from each data point of thepoowiang window.
This is repeated for various window lengths of data. The MFIOEgcribesa generalizedorm of
DFA (see Peng et al (1994) for full details of Dfpdocess) in which, the different orders of
fluctuation functions (also known as momenrdsg estimatedin a modified leassquares sense. In
MFDFA (unlike in DFA), in order to account for the lefiver points at the end of data series for any
chosen window length, the average fluctuations are calculated in bothrdoand backward
directions and averaged. The multifractal Hurst exponents arel#termined from the slopes of the
linear leastsquares regression between the logarithm of overall average fluctuations axgatilerh

of lengths of the windows, corresponding to different orders of fltiotudunctions By establishing

a relation between the Hurst exponent afiiider exponent (see details below), the multifractal
singularity spectrum is defineathematicablescription of MFDFA technique is as follows.

First generate an integrated serigm) of N -point spatial data sequence, sgy), by estimating

y(m)zi(x(i)_y) © mM=123 ... N Whee, X designates the mean of tlid data pointsNext,
i=1

divide themlength integrated series into variom/k nonoverlapping windowg N, ) of equal
length and @lculate the ledsquares fit of preferred order to the data points in each wiridow
represent the local treryy . Calculate the average fluctuatiopgk,n), of the detrended series in

nk
forward and backward directions bF(k’”)=\/%Z[Y(i)—yk(i)]2 where, s=(n—Dkand n
i=s+1

depicts the window numbeiThe generalized fornof overall average fluctuationsf qth order

1 2Ny

1/q
Z[Fz(k,n)]qlz} (Kantelhardt et al., 2I2), whichis

k n=1

fluctuation functionis expresseds F, (k) :{
2

iteratively calculated for variousqand window lengthsk to provide a powelaw relation
betweerf, (k) and k" . The multifractal Hurst exponerti(q) defines the slope of tHiear least
squares regression between the logarithm of the overall average fluctuaq(iqnand the logarithm
of the window lengtlk , for corresponding . Fluctuation function of ®order is catulatedusing the

2N,
1 Z‘J|n{|:2(k,n)}}z k@ . The multifractal singularity spectrum, defining the
4N, =

formula,F, (k) = ex
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relation between the singularity spectrurfyy) and strength of the singularity,(Holder exponent)
is givenby o =h(q) +gh'(q) and f(a) = qla - h(g)] +1 (seeKantelhardt et al (2002) for more details
on o andf(«)). Sngularity spectrum resemblébe Gaussian shapdroad (narrow) singularity
spectrunsignifies strong (wegkmultifractal behaviouof the signal (Bolzan et al., 2013).

3.2 Methodology

Geomagnetic horizontal norgouth (H) component of all the storms, sampled -&etinterval have
been subjected to MFDFA technique, described above. To determine theactaltiffurst exponents
for different momentg|, the minimum window length varying in the randesl— 20 svas used. The

maximum window length iN /4 s. N denotes the total number of data points in each storm, which
varies according to the duration of storm activity. The successive windovwhseagt incremented by

a factor oR"® (Peng et al.1994). The multifractal Hurst exponents(q), were determined by
varying gin the range;10 to 10 for all the storms. Figures 1 and 2 depict the Hurst exponents of

main phasegFig. 1a) and recovery phases (Fig. 2a) of all the storms. The respsiciiearity
spectra are shown in Fig. 1b and Fig. 2b respectively.
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Figure 1: (a) Hurst exponents and (b) Singularity spectra curves of piwige for geomagnetic storms

considered in the present study.
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Figure 2: (a) Hurst exponent and (b) Singularity spectra curves ofamcpliase for 2001 geomagnetic storms

consdered in the present study.

To compare the multifractal behaviour of external sources of differagihgrthe MFDFA obne
quiet day April 30, 2001) has been carried out. In case of quiet days also the minimum and maximum
window lengths are ches similar to those of stormBigure 3 depicts the Hurst exponent (Fig. 3a)
and the multifractal singularity spectra (Fig. 8b)responding to the chosen quiet day.
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Figure 3: Hurst exponent (a) and Singularity spectrum (b) aftglay (April 30, 2001). Note theegligible
changes in Hurst exponent values as a functiomyafhd avery narrow singularity spectrurms a
function ofa, suggesting an almost monofractal behaviour of quiet days signifyingdhalpe non
stochastic behaviour of the ionospheric source currents responsibénéation of quiet days.

4 Results and Discussion

The multifractal behaviour of any signaldgenerally interpreted by considering the Hurst exponents
together with the multifractal singularitfhe Hurst exponenth(q) bears a notinear relation with

q, such that the low (high) average fluctuations have (i) h(q) for negative (positive)q
(Kantelhardt, 2002). Ifh(g) varies (constant) for vario@p, then the signaéxhibits multifractal

(monofractal) behaviour. Accordingly, tleain and recovery phases of geomagnetic storms exhibit
multifractal behaviour with the Hurst exponent values ranging fron2.2.3or main phase (Fig. 1a)
and 1.452.05 for recovery phase (Fig. 2a). Based on the broadness of the singularita §dec
Bolzan et al., 2013) of main phase (Fig. 1b) and recovery phase (Fig. 2b), it caiybergasd that

the former exhibitsslightly broader spectra than the latter, suggestincghigher degree of
multifractality in the main phasehan in therecovery phaseThis has been the nature of the
multifractal behaviour for all the storms considered in the present study

A careful observation of Figures 1 and 2 clearly show that while the main phdisecawvery
phases of storms of March, April and Octobervstmimost similar multifractal éhaviour, the
singulaity spectraof main phase and recovery phageNovember 06 evenfoccurred in relatively
less intense winter seasome the broadest when compared to respective phases of other storms,
indicating a higest degree of multifractal behaviour of the source corresponding tovims. e
Accordingly, the Hurst exponents of respective phases also show a largeonawatn q varies

from -10 to 10. It isbelievedthat theprompt penetration of magnetospheric electric fields to low
latitudes during the November 06 event (Veenadhari et al., 2010) could be the reasah fbigh
degree of multifractal behaviour of November 06 stofthe almost similar behaviour of the
morphology of the soueccorresponding to March 19 & April 21 pair obrshs and March 27 &
October 21 pair of storms clearly suggest the presence of some orddr ch#wtic and stochastic
source. Interestingly, these four storm events correspond to equinoc)iate@son. To have a
thorough and comprehensive understanding of the seasonal dependencaulfiffaetal behaviour

of the source morphology offtérent storms, more storevents should be analyzed.

Interestingly,corresponding to quietday @April 30, 2001), the changes in Hurst exponent values
as a function ofq is rather very smhl(Fig. 3a) and remains almost constaiihe corresponding

singlulaity spectrum is also very narrow (Fig. 3bliggestingrmalmostmonofractal behaviousf the
ionospheric source current systedusingsolarquiet days.
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Generally, the multifractdl in any signal may arise either due to the presence ofrbomge
correlations in the data or due to the broadabdity distribution (Kantelhardt &tl., 2002) This can
be tested by shuffling the original data and comparing the saatimgnents obtained for the original
and shuffled datawhen the original data is shuffled, it becomes uncorrelated random ndise. If
fractal scaling exponent (estited forq = 2) for the shuffled data (i.e. uncorrelated random noise) is

equal to 0.5, then the observed correlations are due tadmgg correlations present in the original
data. Otherwise (i.e. if the scaling exponent is not equalbiptBe observed correlations are due to
the broad probability distribution in the data (Goldberger et al.,)2000s has been testddr all
stormsin the present studyfable 1 shows the scaling exponent values corresponding to main phase
and recoveryphases of all storm#\ careful observation of thedctal scaling exponents of shuffled
time series of all the storms clearly suggest that the observed multifractaldoeha\all the storms

is solely due to the presence of lenagige correlations irhe data and not due to the broad probability
distribution.

Storm date Phase of the storm h(2) Ny e ()
March 1921 Main phase 1.74 0.51
Recovery phase 1.82 0.51
Mai . .
March 2728 ain phase 1.65 0.51
Recovery phase 1.77 0.49
. Main phase 1.80 0.49
April 21-23
pr Recovery phase 1.86 0.50
Main ph 1.62 0.50
October 21-23 ain phase
Recovery phase 1.65 0.50
November 06-07 Main phase 1.64 0.48
Recovery phase 1.66 0.49

Table 1: Fractal scaling exponents, calculatedflfertuation function of order 2 (i.eq=2) of original and
shuffled time series of different geomagnetic storms of the year 2001

5 Conclusions

In this study, an attempt has been made to study and compare the multifedsiobr of
geomagneticquiet and disturbed events corresponding to solar cycle 23 using utiéractal
detrended fluctuation analysis. Our results show that while the geomagoetic estents show a
conspicuous multifractal behaviour, the solar quiet days show an almost awalofrehaviour. The
observed multifractal behaviour of the storm events is determined to be dheepi@s$ence of lorg
range correlations present in the data. Among the storm events considered, the stegpsntiing
to E-season show similar multifradt behaviour in the morphology of the geomagnetic source,
suggesting the presence of some sort of order in the stochastic smrpgt®logy. However, more
events need to be studied to understand the seasonal dependence of tleetalubihaviour of the
source. Our results also clearly demonstrate that the November 06(staumred in relatively less
intense winter season) shows a high degree of multifractality in its source, egligttially is due to
the prompt penetration of magnetospheric elefiglds to low latituden November 06, 2001. We
believe more data sets of quiet days and disturbed days recorded in differem$ seaisat different
global observatories need to be analgfor a betterandcomprehensive understanding of gpatio
temporal characteristics of thenultifractal behaviour of these extrarrestrial source field
characteristics in a broader perspective.
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