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Abstract. We apply DFA method to magnetic field data freBEGMA array for the
period August 2004 - February 2005. The SEGMA nienial array is a set of stations
mainly localized in the Adriatic region (at a lohgie of about 10-16° E) and
devoted to magnetic field measurements in the UkEuency range. We study the
fluctuation function and the corresponding DFA szaexponent which characterize the
long-range correlations in magnetic field dataeseniecorded by Italy and Hungary
stations. For each station we consider both théasity and the differences in the DFA
index behavior. The similarity in the DFA trends risarkedly associated with the
global geomagnetic activity. Changes in the stiemdtthe long-range correlations in
different time scales 2-180 s and 2-900 s are tegoiThe disparities consist in the
variable level of the DFA index value from diffetestations and an emergence of
specific decreases of the DFA index (intervals tafsa of long-range correlations) at an
individual station that last at least one day. Phnebable origin of such DFA index
features might be related to local processes dfiselar characteristics either in the
atmosphere/ionosphere system or in the lithosphere.
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Introduction

Recently, both fractal and multifractal analysesJoF geomagnetic field data have
been applied (Hayakawa et al, 1999; Gotoh et &320elesca and Lapena, 2005.;, etc.).
There are different methods of fractal analysise Shmplest way of fractal analysis is by
studying the ULF emission spectrum slope (obtaibgdhe FFT method) and its time
evolution. The spectrum slogkis obtained from the straight line that is the Hadb the
ULF spectrum given in the log-log form. The cormsging fractal dimension can be
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calculated using the Berry's equati@y = (5-8)/2 (Berry, 1979; Turcotte, 1992). Lately, the
Higuchi method (Higuchi, 1988), Burlaga-Klein apach (Burlaga and Klein, 1986) and
detrended fluctuation analysis (DFA) (Kantelhardtad., 2002) wereapplied for
studying the fractal dimension evolution of timeieg Fractals and multifractal analyses to
extract possible changes of scaling characterisfithe ULF geomagnetic field data both
prior several strong earthquakes (Japan) and #mgeake swarm (Japan) have been applied
(Hayakawa et al., 1999; Hayakawa et al., 2000; Gatbal., 2003). Gotoh et al. (2003)
revealed a decrease of the spectrum slopes anaspornding increase of fractal
dimensions of the ULF time series a few days bef@eswarm. Fractal analysis of ULF
data associated with the Guam earthquake on A@yu€93 revealed that thelative short
period variations of the slop€f) can be attributed to more variable environmental
conditions, such as solar activity, etc. The akéine gradual decrease i ~ 1) that is
characterized by dbnger scalealteration can be associated with changes inntegriated
ULF emission sources involving probably a formatiof fractal conductor-dielectric
structure in the Earth's crust (Hayakawa et al99)9It has been found that the fractals
dimension increase appears at frequerfcie8.02 Hz and is most pronounced in the higher
frequency end of the ULF range, i.e. around 0.1 Hz.

In this study we continue our efforts to identifyL® signatures of series of
earthquakes occurred in the Adriatic region in pleeiod August 2004 February 2005.
ULF magnetic field measurements are provided bySE&MA array. SEGMA is a low-
latitude magnetometer array in South Europe whimsists of three stations in Italy and
one in Hungary, latitudinally equispaced betwdenl.57 - 1.89(L is Mcllwain
parameter). Each station is equipped with high igeityy (~10 pT) triaxial fluxgate
magnetometers recording northwdkt), eastward (D) and vertically (Z) components of the
geomagnetic field variations. An automatic acquisisystem collects the data at 1 seconds
with timing provided via GPS. Coordinates of allt&ins are given in Villante et al. (2006).

DFA method

Detrended fluctuation analysis (DFA) to data setrfrAugust 2004 — February
2005 is applied. DFA is a well-established methaddetermining data scaling behavior in
the presence of possible trends without knowingr tiégin and shape (Kantelhardt et al,
2001). In difference to conventional methods, @gwer spectrum analysis, the DFA
permits detection of intrinsic dynamical featureg. long-range correlations, embedded in
non-stationary time series and avoids spuriousctieteof apparent scaling, which may be
an artifact of non-stationary time series (Buldyedval., 1995). For long-range correlated
signals the power spectral dengitywould behave as a power-law of the frequefydius
its slope should be constant and usually denotel mdex.

Shortly, DFA approach consists in the following. DBperates on a time series
X(i), wherei = 1,2,..N andN is the length of series. Introducirg. where

1 N
Xave = > X(K)
N i

4 Bulgarian Geophysical Journal, 2009, Vol. 35



M. Chamati, P. Nenovski at all: Application of DFAthmd to magnetic field...

the “profile” of seriex(i) is given by
y(i) = D IX(K) = Xqpel
k=1

Next, the integrated series is divided iNg= int(N/s) non-overlapping segments of equal
lengths. Since the lengtN of the series is often not a multiple of the cdased time scale

s, a short part at the end of the profil€ may remain. In order not to miss this part of the
series, the same procedure is repeated starting fre opposite endThereby, 2N
segments are obtained altogether. The local trendéch of the &s segments is calculated
by a least square fit of the series. Then we deterthe variance

F(50) = c 2000 D3 +i] - Y (D)
for each segment, v=1,...,Nsand
F2(50) =S X 0IN - - N+l - y,(0))°

for v, v=Ngt+1,..., 2Ns Here,y (i) is the fitting line in segment. After averaging over all
segments we derive the following fluctuation fuoati

1 o 12
NZ[F (s»)]'~.

s v=l1

F(s) =

Repeating this procedure for several time sc&lés), will increase with increasing s. And
analyzing log-log plots=(s)-s the scaling behavior of the fluctuation functionll vbe
determined. If the seriedi) is long-range power —law correlated, the fluagtuatfunction
F(s) will increase for large values sefas a power-law:

F(s)=s".

By applying standard spectral analysis techniqaegi}, the power spectra, i.e. the square
of the Fourier transform amplitudes i), yields

1
(N0

The exponenif is related toa by S = 2a -1. The value ofa (i.e. the DFA scaling
exponent) resulting from a least-square fit toraight line, reveals the presence, or not, of
long-range correlations. In particular, the case % represents the absence of long-range
correlations.
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Analysis and discussion

Data from all flux-gate magnetometers at SEGMAiatet (AQU, RNC, CST, and
NCK) are analyzed. Two intervals of one hour lengthmidnight (00:01 UT) and at noon
(11:12 UT) were chosen. At midnight the ionosphexitivity is at its lowest level. This
local time (LT=UT+1) interval is to the widest ratet modified by the ionospheric effects,
i.e. the external influences on the ULF magnetitdfivariations are at their lowest level.
Conventionally, this time interval is preferred fooking for ULF signals of lithospheric
origin. At day hours (noon) the ionospheric acjiviof course reaches its maximum. A
comparison between noon and midnight data at cettostwould give some hints for
possible impacts onto the fluctuation scaling pat@mexerted from the ionosphere itself.
The DFA scaling parameter we studied was determined for two ranges.a) 2— 900
seconds and ii) 2180 seconds. Comparison of the DFA scaling pamamnteends of the
horizontal {7) and vertical Z) components showed thabehaves very similarly at noon and
midnight with close mean values. There are howelifegrences. Comparing the variations
of the DFA scaling indexa of different magnetic field componenttose of theZ
component are of smallest amplitude, i.e. its stathdieviation reaches minimum among all
three componentéH, D, and Z). In our further analysis we consider onlg th and Z
components. At noon the index is highly variableitfwgreater standard deviation),
especially for thed component. At midnight, the variability is greatigduced (smaller
standard deviation). The scaling parameter behatioridnight appears to be more readable
when we look for longer time (daily and weekly) iadéions of the DFA index value. The
mean values of the scaling parametehowever vary for different stations and are
between 0.6 and 1.4. A specific peculiarity in téveel of the DFA index: magnitude of
both H and Z components was observed, as well. The DFA indegnihade of theH
component at all stations was higher than thah@¥tcomponent except the results for the
data set from the Ranchio station. The mean DFA&xrahd its standard deviations of the
component at midnight for SEGMA stations: Aquila@®), Ranchio (RNC), Castello
Tesino (CST) and Nagycenk (NCK) are reported inl@db It is worth noting that different
scaling parameter behavior is expected in diffetené scales. Table 1 illustrates this
difference.

Table 1.
Station s=9°000s| s=2-000s | s=2 180s| s=2180s
AQU 0.786 0.105 0.707 0.092
RNC 1.187 0.117 1.304 0.103
CST 0.967 0.102 1.077 0.088
NCK 0.764 0.157 0.655 0.123

The results for scaling behavior of tAecomponent in night hours (00:01 LT) at different
stations are illustrated in Figure 1 and Figure 2.
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Fig. 1. Behavior of theDFA index at Ranchio, L’Aquila and Castello Tesing; 2-180 secfrom 00
till 01 UTC; Z component.
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Fig. 2. Behavior of the DFA index at Nagycenk, Ranchio, L'Aguand Castello Tesino, s = 2-900
sec., from 00 till 01 UTC; Z component.

Inspecting Figures 1 and 2 “anomalous” DFA indesréases (i.e. those with deviations
much above one standard deviatid) are sometimes observed. They are of short durati
(up to 2-3 days) and usually observed simultangoaishll stations. This means that their
source is not local, instead, the source of suotngtlong-range interactions should be
related to non-local (global or regional) source®st probably of solar-magnetosphere
origin.
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Fig. 3. Excerpt of the dynamic spectra of magnetospteatiwity at midnightof one hour length)
for month November, 2004 at the stations: L'’AquiRanchio, Castello Tesino and Nagycenk is
shown. Most disturbed are days 08 and 10 Nove2b@4.
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In order to check such an expectation, an overtafake magnetospheric activity
can be seen from the dynamic spectra made for nfdattember, 2004 in midnight hours
(00:01 UT interval) at the SEGMA stations: L'AquilRanchio, Castello Tesino and
Nagycenk. (Figure 3). The magnetospheric stormdbatirred on 9-10 November (Kp ~ 8)
is clearly indicated at all stations by a steep inseeaf the power density in the frequency
interval 1-100 mHz. It is well known that the matpspheric activity is quantified by the
geomagnetic index Kp (Figure 4). It was most intena 9-11 November 2004. It is seen
also that all sharp peaks in the DFA index abovenitan values (Figures 1 and 2) usually
correspond to increases in the Kp index. This engdas verified for all stations with one
exception; the DFA index trend at the Castello n@station for short time intervalse
smaller than around 180 sec (see Figure 1). The Bfafing index increase at CST is of
weak amplitude. Therefore, during magnetosphetivigcthe DFA index usually increases.

Kp index

8 | Kp ®
5
1t B
= 4
4]
S 2

a

2004-11-08 2004-11-05  Z2004-11-10  2004-11-11 2004-11-12

uTc

Fig. 4. Kp index for the period 8 till 12 November 20QHttp://spidr.ngdc.noaa.dov/spidr)

Let us examine in details the fluctuation functidaring such magnetospheric
events. Figure 5 illustrates fluctuation functidt(s)-s on 09, 10 and 11 November 2004 at
noon hours. We determined the fluctuation funckgs) for three order time scales (2 <
900 sec). On days of high Kp we observed that ealirfit exists over all scales, i.e. this
means that on days of high geomagnetic activitfysedilarity (or fractality) over the scale
2 <t <900 sec is well present.
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Fig. 5. Fluctuation function§&(s)-s of the H component at CST on 09, 10 and 11 Nbeerd004 at
11 and 12 UT. On 09 and 10 November 2004 one plamedependence is applicable, with

a = 099 anda = 128, respectively. On 11 November 2004 regions okdéffit slopes
(different scales) emerge.
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Short time DFA index decreases at all stations was® observed but their
amplitude variations rarely exceed one standardatem (Figures 1, 2 and Table 1).
Besides, long time DFA index decreases of ~ a weekio two weeks duration were
observed. The specifics of these DFA index decee@sehat their amplitude variations
exceeded one standard deviation, i.e. they are alous and are clearly observed at one
station only. It is worthy to note that such lomgé decreases are observed only for short
times, i.e. for time interval smaller than 180 @eigure 1).

During the period August 2064ebruary 2005 a few long time decreases of
the DFA index were observed at Castello Tesino @nflquila. At Castello Tesino such
anomalous picks of DFA index decreases were obdesnetwo days, on 07 September
2004 (lasting ~ 4 days), 31 October 2004 (~10 days)

For longer time intervals, up to 900 sec (Figure r) long time DFA index
decreases are observed during the same AugustR&fdiary 2005 period. One can see that
due to the effect of the DFA index decrease on 8foker 2004, the DFA index increase
event (with a maximum on day 314 correspondingh® rhagnetospheric storm on 09
November) is partly suppressed. A DFA scaling indieend with shorter time intervals
10-90 s and 96450 s of the same ULF data set reveals similargut@s (Nenovski et al.,
2007). The emergence of such long time anomalousd DHEex decreases at one station
and their absence at other ones could be relatél Foemission sources of local origin.
Following the relation D&= 3-a, the DFA index decrease corresponds to fractabdsion
increase, i.e. Dancreases. Thus, our results are consistent wighetlrlier findings by
Hayakawa et al. (1999), Varotsos et al. (2002) @udoh et al. (2003). The fractal
dimension of ULF geomagnetic data is found to héalée in the range db, = 1.2-2.1
with tendency to increase prior to quake (Hayakatval. 1999). Gotoh et al. (2003) have
revealed an increase of fractal dimensions of thé time series at Izu peninsula in
relation to nearby EQ swarm. The fractal dimensramease has been most pronounced at
highest frequency banfl£ 0.1-0.2 Hz). In analyzing telluric data and especitidly dynamics
of seismic electric signals (SES) that precedeurepfthe SES signals are of frequency < 1
Hz, thus they are belonging to the ULF range), Ysar® et al (2002) have derived two
different long-range interactions, i.e. the DFAlsgpbehavior is different for short times (10
<t < ~30 sec) and long times (~30 kK< 200 sec). Their results for the DFA index
magnitudes are= 1.19 andx = 0.88 respectively. Our finding that long timearalous DFA
index decreases of ~0.8 are observed only for simes (< 180 sec) and not observed for
longer times is in consonance with the Varotsoal'stconclusion about an emergence of
different long-range interactions at different tis@les. Indeed, our finding of different DFA
scaling index values suggests another long rartgeattion for longer times (i.e. 180t<
900 sec). Therefore, the process of DFA scalingindecreases does not possess self-
similarity property at all.

We observed two events of DFA index decrease éutdt dimension increase) for
time interval 2-180 sec (~0.610.5 Hz) the first one occurred on 07 Septembed 20@l the
second one began on 31 October 2004, i.e. apprtetintvo and half months and one month
ahead the moderate M5.2 and M5.3 earthquakes and225 November 2004 (Figure 1). In the
same interval August 2004-February 2005, weak tderaie earthquakes with magnitudes up
to M = 5.5 occurred in this region (Table 2). Two earthasawith magnitudeM = 5.5
and M=5.3 struck the north-eastern part of Ital§.68 Lat, 10.56 Long) on Nov. 24, 2004
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and the central part of the Adriatic sea (34.17 [L&t36 Long) on Nov 25, 2004. The DFA
index decreases that were observed only at Ca3teimo might suggest an emergence of a
local geophysical process associated to impendirtauake that occurred at distance ~ 90 km
(45.63 Lat, 10.56 Long) on Nov. 24, 2004.

Table2. ( http://neic.usgs.gov/neis/epic/epic_rect.html)

Date(yy-mm-dd) | Time (UT) LAT LONG I%I?r%h Magnitude
2004-11-24 22:59:40 45.63 10.56 17 5.5
2004-11-25 06:21:16 43.17 15.36 21 5.3
2004-11-25 07:26:13 43.07 15.74 10 4.5
2004-12-03 08:13:14 43.09 15.50 10 4.8
2004-12-04 02:16:11 43.08 15.46 10 45
2004-12-09 02:44:25 42.79 13.79 05 4.7
2004-12-18 09:12:48 40.89 10.15 10 5.1

According to Hayakawa et al. (1999) the decreasthénULF spectrum slope is
consistent with the appearance of small-scale drastructures in the focal zone of
impending earthquakes. Enhancements of small-Beakal structures accompanied with ULF
emissions of similar fractal structures might abeothe cause of thebserved DFA index
decreases in the SEGMA data.

The obtained results suggest two possible exptamatiT he first one is that there is
an enhancement of higher frequency fluctuatiorthér0.01-0.5 Hz interval compared to the
lower frequency components (< 0.01 Hz). The second is that there is a relative
suppression of the power density of lower frequere§.01 Hz) components compared to
the higher frequency ULF components (0.01-0.5 Hrzprder to answer to this question the
power density distribution at SEGMA station Castéllesino averaged in all Pc frequency
ranges, Pc2, Pc3, Pc and Pc5 is examined (seeBjur
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Fig. 6. Power density distribution in all Pc frequenanges of the Z component at Castello Tesino
during August-December 2004. Marked decrease ipdiaer density in the Pc3, Pc4 and Pc5 ranges is
observed at days indicated by dashed lines.

Days of interest, 07 September and 31 Octobermar&ed with vertical (dash) lines. So,
the suppression of the lower frequency ULF comptenthe probable cause of the DFA
scaling index decrease at the mentioned days. Hethege is no evidence for an
appearance of higher frequency components as atsignof earthquake preparation
processes. Thus, the origin of such a short tinpprassion in the ULF activity remains
unclear. The sources of these ULF components reée sought in alternative processes
occurred at and/or near the Earth's surface oatigeally.

The seismic events mentioned here were taken ictouat as one of possible
geophysical factors responsible for the observedufes in the ULF signal behavior.
Having in mind the above findings, as well as oravjpus results based on the polarization
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(Z/H) analysis for the same period, it is not pblkesito ascertain that the features in the
DFA scaling index of ULF magnetic field variatiorse closely related to earthquake
preparation processes occurred nearby the cldaéehsof SEGMA array.

Conclusion

In summary, the DFA approach applied to SEGMA amata set from August
2004-February 2005 that cover the ULF range, revealfolf@ving characteristics:

First, the DFA index magnitude appears to possess averegiegs that are
different at different measurement points. Suchessiptent difference in the DFA index
trends suggest probably different impacts from timelerneath geology on the fractal
structures of ULF emission.

Second,the DFA index time evolution possesses regional docal
characteristics that consist in: i) frequent appeee of short time anomalous increases in
the DFA index magnitude observed simultaneouslsllastations. These short time DFA
index increases are usually associated to geonmegivity increases and the fluctuation
function reveals self similarity; and ii) (rare)pgarance of DFA scaling index decreases of
day to week duration. The latter emerge locallg, at one station. This seems to be
consistent with local enhancements/suppression wfhelllower frequency ULF
fluctuations.

These unexplained features in the ULF signal dynanbbserved by our
multipoint measurements by the SEGMA array mightrélated to geophysical or other
processes of unknown origin near the measuremeant fio the Earth's crust, or in the
Earth's atmosphere).
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Mpuaarane wa DFA mMeroa BBPXY JaHHH 32 36MHOTO MAarHUTHO MOJe, MOJYYeHH OT
mpes:xkata SEGMA.

M. Hlamaty, I1. HenoBcku, M. Benanre, V. Bunante, K. llIBunrenmy, M. bBymkana,
B. Bectreprom

Pe3tome. Ilpunoxen e DFA metox 3a aHainn3 Ha JTaHHU 33 CTOWHOCTHTE HA T€OMAarHUTHOTO
noJjie, MOJIyYeHH OT MepuauoHanHata mpexka SEGMA (South European GeoMagnetic
Array). MpesxaTa BK/IIOYBa CTAHIIMH, PA3IIOI0KEHH B AnpratiudeckusaT peruon (Urtanus) u
Lenrpanna Espona (Yurapus) B reorpadckust uarepsan 10-16rpanyca H3TOYHA AbIDKHHA.
OCHOBHOTO TMpeJHa3HAuYeHHE Ha Ta3d MArHUTOMETPUYHA MpeXa € H3MEpBaHEeTO W
HaOJIIOZICHUETO HAa 3EMHOTO MArHUTHO T1I0JI€ B HEroBUS HHUCKOYECTOTEH CIIEKTHP.
MN3cnensana e ¢uykryaronHata GpyHKIHUS U chOTBeTHHAT DFA CkeiMHT WHAECKC, KaTo
MOCJIEHUSIT XapaKTepu3upa CHjaTta Ha JajeKojeiicTBAIlM KOpejalud B JaHHUTE 3a
MarHMTHOTO MOJIe. 32 BCSIKA CTAHILUS Ca Pa3rJIekIaH! [apasielIHO MPUIKKATE U Pa3InKUTE
B noBenenneto Ha DFA unmekca. 3abemnsns3Ba ce, ue xoapT Ha DFA ckelnmHr mHmekca
Clie/iBa MOBEJICHUETO Ha TJI00aiHaTa reOMarHUTHA aKTHBHOCT. B Xo/ia Ha n3cieaBaHeTo ca
OTKPHUTH M3MEHEHHUS] B CHJIATa Ha JIANEKOJCHCTBALINTE KOPEIalli 32 Pa3iindHU BPEMEBU
uatepBand. 2-180cek. n 2-90@ek. Paznmukute ce cheTosaT B pomsiHata Ha DFA ckeimuHr
MHJEKCa B Pa3jIMYHATE CTAHIMH U TOSBSIBAHETO HAa CHEUU(PHUYHM MMOHWKEHHS HA TO3H
UHIEKC (KOWUTO WHAWKWpAT WHTEPBAIM C OTCIa0BaHC Ha CHJATa Ha aleKOJeHCTBAIIM
KOpeJlalyK), KOETO NpOoab/KaBa MOHe eauH JeH. TakoBa moBenenne Ha DFA ckeluHr
MHJIEKCa BEPOSTHO CE IBJDKM Ha JIOKAJHU MPOLECH C XapaKTepUCTHKU Ha cebenopodue,
JBJDKALIY Ce Ha JIoKaeH atMocdepen/iionocdeper mwin Turocheped U3TOUHHK.
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