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Abstract. In the second half of the 90s interest grew on index. These indices can be indeed considered as proxies of
the complex features of the magnetospheric dynamics in remagnetospheric processes related to the occurrence of storms
sponse to solar wind changes. An important series of paand substorms, and allow us to monitor some of the most rel-
pers were published on the occurrence of chaos, turbulencevant current systems, which are activated during magnetic
and complexity. Among them, particularly interesting was storms and substorms.
the study of the bursty and fractal/multifractal character of Among them the AE-indices (AU, AL, AO, and AE), in-
the high latitude energy release during geomagnetic stormgyoduced byDavis and Sugiur§l966, are certainly a conve-
which was evidenced by analyzing the features of the Aurorahient proxy of the magnetospheric substorm activity. In par-
Electrojet (AE) indices. Recently, the multifractal features of ticular, the AE index describes the total intensity of two elec-
the small time-scale increments of AE-indices have been crittrojets (eastward and westward), which are almost perma-
icized in favor of a more simple fractal behavior. This is par- nently observed in the auroral ionosphere and are enhanced
ticularly true for the scaling features of the probability den- during magnetic auroral substorms. For this reason, this in-
sity functions (PDFs) of the AE index increments. Here, afterdex has been usefully employed both qualitatively and quan-
a brief review of the nature of the fractal/multifractal features titatively as a correlative index in studies of substorm mor-
of the magnetospheric response to solar wind changes, we irghology and of coupling between the interplanetary magnetic
vestigate the multifractal nature of the scaling features of thefield and the Earth’s magnetosphere.
AE index increments PDFs using the Rank Ordering Mul-  In this framework, a first study was done Bgurutani et
tifractal Analysis (ROMA) technique. The ROMA results al. (1990 at the beginning of 90s. The authors compared the
clearly demonstrate the existence of a hierarchy of scalingpower spectra of the AE index and of the southward compo-
indices, depending on the increment amplitude, for the datanent B, of the Interplanetary Magnetic Field (IMF) for the
collapsing of PDFs relative to increments at different time same time interval, demonstrating that the Earth’s magneto-
scales. Our results confirm the previous result€bysolini  sphere response to the solar wind energy input was neither
et al.(1996 and the more recent results Rypdal and Ryp-  periodic nor quasiperiodic, and that the magnetosphere acted
dal (2010. essentially as a low pass filter on the IMF spectrum. This re-
sult suggested that the magnetospheric response to the solar
wind might be nonlinear.
1 Introduction Successively, the analyses of the AE index seemed to in-
dicate that the magnetospheric disturbance data had a low
Over the last two decades there has been a steady increa§@rrelation dimension in the range between 2.4 andVa2
in the investigation of the nonlinear response of the Earth'ssiliadis et al, 1990 Sharma et a].1993 Takalo et al. 1993
magnetosphere to solar wind changes. Mainly, these studiesuggesting that the dissipative organized response of the
have been focused on the magnetospheric response durifgagnetosphere to the solar wind input might be described
magnetic storms and substorms, and have been essential}y @ low-order system of equations. It was proposed that the
carried out analyzing time series of some geomagnetic inglobal geomagnetic system was a low dimensional, possibly
dices, for example the auroral electrojet AE indices or the Dstchaotic, nonlinear system.
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In the same period, it was also investigated if the dynamicsof sporadic reorganization processes among multiscale mag-
of the magnetosphere could be described in terms of stochasetic coherent structures near a critical st&tbang(1999
tic colored or bicolored noiseShan et al. 1991, Roberts coined the ternfrorced and/or Self-Organized-Criticality
1997 Pavlos et a.1992). Takalo and coauthors, in anim-  Coming back to the multifractal features of the AE index,
portant series of worksTekalo et al.1993 1994 Takalo and  in the last decade some workdr(at et al, 2002 2005 Chap-
Timonen 1994, studied this hypothesis extensively, con- man et al. 2005 Watkins et al, 2005 have suggested, in
cluding that a stochastic process, not a chaotic one, genetontrast with previous papers, that the auroral electrojet time
ated AE data. A primary motivation in the careful search for series present a very weak multifractality and that the multi-
low-dimensional features in the magnetospheric activity wasfractal features of the AE index variations may be an artifact
the hope of becoming capable of constructing physically rel-of statistically poorly resolved behavior of the largest fluc-
evant low-dimensional models for magnetospheric dynam-+uations. It has also been suggested that the AE index can
ics. These models could be of great value for understandingpe modeled as a fractionatstable motion (also called frac-
the solar wind-magnetosphere-ionosphere interaction and fational Lévy flight) on time scales: 107 min (Watkins et al.
forecasting the magnetosphere response to changing sol2005.
wind conditions. However, soon after the first estimates of Recently, the possible role that stochastic fluctuations may
the correlation dimension of the magnetosphétdchard  play in the AE index fluctuations during magnetospheric
and Pricg(1992 1993 showed that the estimates of low di- substorms, has been carefully investigatedlkkinen et al.
mension of the magnetosphere were caused by the long aut@006 Anh et al, 2008. The results of these studies have
correlation times of the system rather than by the low dimen-again suggested that the description of the complex nature of
sional magnetospheric dynamics. Consequently, there wasE index requires to adopt novel approaches based on frac-
no evidence for the presence of a low-dimensional attractotional calculus.
in the AE data that they had studied. In this framework, where the multifractality of the AE in-

Later on,Consolini et al(1996 investigated the possible dex variations remains an open issue, a worlRlypdal and
multifractal nature of the AE index and recognized the ne-Rypdal(2010 has been recently introduced. In their paper,
cessity of introducing a hierarchy of dimensions (the Renyithe authors explore the implications of modeling the AE in-
dimensionsD,;) to characterize the intermittent character of dex as a smoothly truncate@\y flight and demonstrate that
the small-scale increments (sometime nameftbasuation$ although such processes seem to capture some of the prop-
of this index. This result suggested that turbulence had to berties of the AE index, there are some inconsistencies which
considered as a much more relevant phenomenon than lowead the authors to believe that the multifractal model pro-
dimensional chaos in the magnetospheric dynamics. Conyides a more accurate description of the AE index variations.
sequently, the magnetospheric dynamics seemed to be char-|n this paper we investigate the scaling collapse of the
acterized by many degrees of freedom and/or by stochastipDFs of AE index increments at different time scales us-
fluctuations. Furthermore, the multifractal character of theing the approach based on tRank-OrderedM ultifractal
AE index increments indicated that intermittency might play Analysis (ROMA) introduced bhang and Wi§2008 (see
a relevant role in dissipation mechanisms related to the aua|soChang et a|.201Q for a review). This method will allow
roral electrojet. The occurrence of intermittency was suc-ys to analyze and confirm the multifractal characteristics of
cessively confirmed by the departures of the probability dis-the auroral electrojet AE index, thus supporting all previous
tribution functions (PDFs) of the AE index small time-scale findings related to the occurrence of time-intermittency, tur-
increments from the Gaussian shape both in quiet and dispulence and/or criticality in the magnetospheric dynamics in
turbed periods@onsolini and De Michelis1998. We note  response to solar wind changes.
that nowadays the crucial role of turbulence in several mag- This paper is structured as follows: in Sect. 2, we briefly
netospheric/ionospheric phenomena/processes is well doCyeview the concept of multifractality and introduce the
mented (e.gZimbardo et al.2010. ROMA technique; in Sect. 3 we proceed to explore how test

Approximately in the same period, the near-criticality dy- the existence of a multifractal structure of the AE index in-
namics of magnetospheric response during magnetic subcrements applying such technique to more than 10yr data of

storms, as early hypothesized Bhang (1992, was evi-  the AE index; finally in Sect. 4 we discuss and summarize
denced by investigating the power-law distribution for the gyr results.

AE index activity bursts Consolinj 1997 2002 and its

low frequency stochastic variations of thgff power spec-

trum (Uritsky and Pudovkin1998. Successively, several 2 Multifractality and ROMA: a brief introduction

attempts were made to model such a near-criticality behavior

by means of Self-Organized Criticality models (e@hap-  The concept of multifractal set and the term multifractal mea-
man et al. 1998 Consolini and De Michelis200]). Based sure date back more than 30yr, and have been extensively
on the assumption that the observed scaling invariant distriapplied to model the anomalous scaling features, which
bution of the AE index burst sizes might be the counterpartare responsible for intermittency in the framework of fully
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developed turbulence (see eMandelbrot 1974 Benzi et
al., 1984 Frisch and Parisi1985 Halsey et al. 1986 Pal-
adin and Vulpiani1987 and space plasma turbulence (see
e.g.Burlaga 1991ab; Carbone 1993 Marsch et al. 1996
Macek et al. 2009. According to the traditional represen-

index 279

on the moment ordeg is indeed a convex function, i.e., it
displays aranomalous scalingin this case, one single num-
ber is no longer sufficient to characterize the scaling features
of the signalx (), but a hierarchy of scaling exponerfisis
necessary. This behavior mirrors the complex nature of the

tation “a multifractal measure can be thought as the unionscaling features of the signair), which is related to its mul-

of a continuous infinity of intertwined sets, each of which is
an infinitesimalnifractal measurgcharacterized by a single
value of the Hlder scaling exponent and supported by a
fractal set of dimensiorf («)”"(Mandelbrot 1989 p. 23).

A slightly different definition of multifractality was pro-
vided byMandelbrot(1989: “In one phrase, the generaliza-
tion from fractal sets to multifractal measures involves the

tifractal nature. In the framework of fully developed turbu-
lence the emergence of amomalous scalingf the scaling
exponentg (¢) on the moment ordey is read as a signature
of intermittency which is also related to the departure from
a Gaussian statistics of the longitudinal velocity increments
at the smallest scale.

All the previous properties are also reflected in the statis-

passage from geometric objects characterized primarily bytics of the signal increment8x(t) = x(r +1t) — x(¢), at dif-
one number, to geometric objects characterized primarily byferent scales. Given a signalr), it is indeed possible to

a function. This function can be a probability distribution

evaluate the probability distribution functigh(éx; t) of sig-

that has been renormalized and plotted suitably. In a differnal incrementsx(r) at the time scale, which is generally

ent single phrase, the generalization from fractal sets to mul

scale dependent. For some classes of signals it is possible to

tifractal measures involves the passage from a finite numbeconstruct anaster curveby simply performing a scale trans-

of fractal dimensions to an infinite number of dimensions”.

One of the traditional approaches to multifractal measure

€(x) (see e.gPaladin and Vulpianil987 consists of intro-
ducing an appropriate partitiqix} of the measure, of defin-
ing a coarse-grained weight (5x), and of investigating the
scaling features of the associated partition functiyisx)
of moment ordeg (Paladin and Vulpianil987. The pres-
ence of an anomalous scaling of the scaling exponej$
of the Z, (x) as a function of; i.e., y (g) ~ D, (g — 1) with
D, a convex function of{) is the signature of the muilti-
fractal nature of the measurdgx). As a consequence of
the anomalous behavior of the scaling exponerg), the

formation,
Sx —> 7 %8x 3)
P@x;t) — t5P(8x;1) = Ps(t758x)

wheres is an appropriate scaling exponent. In this case,

all the PDFs at different time scales will collapse into
an invariant scaling function, theaster curveP;(t8x),
(Chang et a].1973 and the observed behavior will b@ono-
fractal. Nevertheless, it is not always possible to get a sin-
gle master curve by using one-exponent scaling. Generally,
a continuous change of the shape of the PDFs from small
scales (where PDFs are generddigtokurtotig to large ones

description of the measure distribution over the support re{where the statistics is more or less Gaussian) occurs. The

quires a hierarchy of fractal dimensions.
In the framework of fully developed turbulence the char-
acterization of the multifractal nature of the velocity field

absence of a master curve is the signature oftiéifrac-
tal natureof the signal increments. What happens is that the
scaling exponents may depend on the amplitude of the in-

is generally studied by analyzing the scaling features of thecrements, so that increments of different sizes may be charac-

structure function of ordey, S, (5r))), of the longitudinal ve-
locity increments at the scabe (Frisch 1995. In general,
given a signalx(¢), we can define a generalized structure
function of orderg as

1)

For self-similar signals the generalized structure function
Sy (7) is expected to scale according to a power l&hag-
delbrot 1989 Paladin and Vulpianil987 Frisch 1995,

Sq@=(lx(t+1)—x®) ).

Sq(r)'vt;(q), 2)

with scaling exponent(¢). For mono-fractal signals the
scaling exponent (¢) is generally a linear function of the
moment ordeg, so that the knowledge of a single number
H =t¢(q)/q (namedHurst exponentis sufficient to charac-
terize the scaling features of the sign@t). However, there
are situations where the dependence @f) on the moment
orderg is not linear. Sometimes, the dependence @f)

www.nonlin-processes-geophys.net/18/277/2011/

terized by different scaling exponents. This idea is contained
in ROMA to study the multifractal nature of a sign&t{ang
and Wy 2008 Tam et al, 2010 Chang et al.2010.

The core of therank-ordered multifractal analysise-
sides in exploring the singular nature of the fluctuations (in-
crements) by grouping them according to the scaled-size
(Chang and Wp2008. This way to proceed is equivalent
to reshuffling the problem related to the dominant popula-
tion of small-amplitude increments. Indeed, the traditional
methods of investigating multifractality (based on partition
function approach, structure function scaling features, statis-
tical moments of PDFs, etc.) are based on the statistics of
the full set of the signal increments, which naturally implies
that small size increments, being generally the most proba-
ble, largely dominate the large size ones, which are by far the
less numerous. This may affect the results and, furthermore,
it can be difficult to provide a good physical interpretation
from the simple examination of the anomalous scaling of the
exponents.
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1

The idea of ROMA is to partition the domain of the 100

rescaled increments' (= r*8x) into separate ranges, and 2 . - oT=4

. . o 10 — Y T= 8'
for each range to determine the value of the scaling exponent-; A
s that satisfies the following equation = 3 £3 T=16

s 10 F 3 . oT=32
T P(8x:7) = Py (17 8). @ ° 10 P oT=64
Consequently, it will be possible to find a hierarchy of scaling :ﬂo 107 3
indicess associated with the different rangesiof To find v 10 }
the scaling exponentfor a given range of (Y € [Y;, Yi+1]) MHW
one has to solve the following functional equation for a 107 | ! Rl
0 1000

range-limited structure functioﬁ{] (D),
OAE(7) [nT]

™Yip
Sy (18x |2f)=/ 16x(t) | P(|8x |, 7)d | 8x |~ (5)
=k Fig. 1. The PDFsP (SAE; t) of the AE index increment8AE(t)

without making any distinction between positive and nega-for r=48,...64min.

tive increments (thus assuming a symmetry in the PDF). If

a single solution exists forin the choser’-range, then the 3 non-parametric estimation method based on kernel tech-
increments will be characterized by a mono-fractal behavioriques Kaiser and Schreibg2002),

with a local Hurst exponentin this range.

N
P(SAE;‘E):%ZK(W) (6)

€
3 Data description and results n=1

whereSAE(n) is the actual AE-increment time seriesjs
To analyze the multifractal and intermittency features of thethe bin width (chosen asZ» whereo is the standard devia-
auroral electrojet (AE) index we consider a continuous timetion of SAE) and K (u), whereu = (SAE — SAE(n)) /¢, is the
series with a time resolution of 1 min covering a period of kernel that we choose to be of a Gaussian type
about 10.5yr from 1 January 1978 to 30 June 1988 for a total
amount of points of the order of610° points. Data come K(u)= iexp(—}uz). (7)
from both the National Geophysical Data Center (NGDC, Ngz 2

Boulder, Colorado) — available on a CD-Rom — and the The reason why we estimate the PDFs by means of the

World Data Center | (Kyoto, Japan). The choice of such agpove technique is the attempt to reduce as much as possi-

long time series without any additional assumption is moti-pje the effects of errors coming from the discrete nature of

vated by two different arguments the AE index. Error bar estimation is done assuming a Pois-

sonian distribution of points ihu |[<1, i.e.,§ P(SAE,t) ~

/N, /Ne, with N, the number of points in the range |< 1.

— to consider a period of the order of the solar cycle to This_ is a conservative assumption for the error bar e;timation.
cover all the possible configurations of the state space Figure 1 reports the PDFSD_(‘SAE;T) _Of the AE index

of the magnetospheric system. mcrementsS_AE(r) at some different time scales (r =

4.8, ...,64 min).

As discussed in the Introduction it is known that AE index ~ According to the procedure introduced tynat et al.
is characterized by a power-law spectrufaf) ~ f—#, with (2003, we look for a single-scaling exponenstudying the
B ~ —2 for periods in the intervdR, 240] min (see e.gTsu-  Probability of returnP (0; 7) as a function of. This quantity
rutani et al, 199Q Consolinj 2002. For this reason we limit IS indeed expected to scale as
(;l(J)Ban_alyss of the scaling features to time scales shorter tharin,(o; ~T, ®)

min.

In the analysis of the scaling features of the PDFs of thewheres is the scaling exponent. Figu&shows the trend
AE index incrementsSAE(t) = AE(t+ 1) —AE(2)), our first of the probability of returnP(0; t) plotted versus in the
step is to investigate the existence of a single scale exponentime domain4; 64] min on a log-log diagram. A very good
as already done by other authors on different time intervalspower law dependence &f(0; ) on t is found and the ob-
(Hnat et al, 2002 2005. We remark that the computation tained value of the scaling exponent=[0.487+0.002] is
of incrementsSAE(7) at the temporal scale is made us- quite well in agreement with the previous resultnét et
ing disjoint time intervals (i.e., not using a moving window al., 2002. We note that although the observed scaling expo-
technique). Furthermore, to compute the PDFs we utilizenent is very close to that of a Gaussian process 1/2), in

— to have a good statistics for our analysis,

Nonlin. Processes Geophys., 18, 2285 2011 www.nonlin-processes-geophys.net/18/277/2011/
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Fig. 2. The probability of returrP (0; t) versusr on a log-log plot.

The dashed line is a power-law with exponent 0.487. Fig. 3. Collapsing of the PDFs of the AE index increme8#sE(7)

for t =4,8,...,64min, scaled according to EQ)( The scaling
exponent iss = 0.487. HereP(Y) andY stand for the scaled PDF
andsAE, respectively.

our case we are clearly in presence of a hon-Gaussian pro-

cess as well documented by the shape of the PDFs. A pos- 14
sible origin of such a value could be related to the relevance - )

. . ; . 1.2 — I
that stochastic Gaussian noise could play in the case of small L s T C'y=qs
amplitude< osag increments. In other words, the observed 1.0 - #"/ . d
PDFs could be the superposition of two distribution a more _ < 0.8 — +¢’ '}
or less Gaussian distribution for very small values of the in- > C ++ e

g . 0.6 + .- 00000000 _ - °
crements and a leptokurtotic one for large increments. - +§ o %
P ; 04— + o . * b
We attempt to collapse all the PDFs onto a single universal L fi”‘ ¢ *%¢

master curve moving from the scale-transformation of By. ( 0.2 _—* ﬁ ﬂ
within the selected range of. Figure3 shows the results, oolan Lol Lo L]
whereY is the scaled variable, defined as 0.0 0.2 0.4 0.6 0.8 1.0

T\ >
Y= (T_0> SAE(D), ©) Fig. 4. Plot of ¢’ (¢) vs.s for the determination of the scaling param-
eters in the rangeY € [45,55] nT for g =1 (red circles) ang = 2
wherery is a reference time scale (here we choase 605s).  (Pluecircles), respectively. The two dashed lines refer tg) = gs
We remark that according to the previous definition, theWith ¢ =1 (red) and; =2 (blue), respectively.
scaled increment¥ are measured in nT. Data collapsing is
very poor for| Y |> 100 nT. It is not possible to use a single | here Y; is a positive/negative real numbe¥; € R), and
exponent to collapse all the PDFs onto a single master CUNV§o0king for a solution of the type
and consequently the nature of the AE index is not simply ) ’
monofractal, as stated bynat et al (2009 using a different S, (Sx:7) ~7¢ @, — ¢'(g)=gs (11)
dataset. A possible explanation of the observed discrepanc%heres is the local Hurst exponent & H < [0,1]). The
?heetv;?f?er::#trdrztsaﬂtest 322;T:fﬁgi;?ts?s|-(2003 could be analysis of rank-ordered structure function is limited to the
o : ysIS. rangeY € [—205205 nT, using a regular partition of width
Taking into account this result, we attempt to collapse eachx y'_ 10 nT. The reason for limiting our analysis to tHis
corresponding unscaled PDF onto a single master curve Usynge s the necessity of correctly estimating the probabil-
ing the ROMA technique. Because there is no reason 10 aSgy, gensity function at large values of the scaled variable
sume that the PDFs of the AE index increments are Symmetéspecially for large time intervais

ric with respect tSAE = 0, we investigate the scaling fea-  rjgre4 reports an example of the application of ROMA
tures of both positive and negatis&E, modifying Eq. 6) to the range ot e [45,55] nT for the moment orderg = 1

as follows, andg = 2, respectively. In this selected range, we find
a single solutions(¢), which satisfies Eq.1(1), for eachg
oYt value. This solution is given by the intersection of the ex-
/ . _ q
84 (8x;7) _/rSY,» [6x(r) [* P(8x,T)ddx, (10)  pected dependence of = ¢s and the actual trend af (s).

www.nonlin-processes-geophys.net/18/277/2011/ Nonlin. Processes Geophys., 28522011
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Fig. 5. Plot of ¢'(¢) vs. g to confirm the mono-fractal scaling with  Fig 6. Plot ofz/(¢) vs. ¢ for the two solutions found in the interval

scaling exponent = 0.54 in the range” € [45,55] nT. The dashed  y ¢ [15 25/ nT. While one solution (solid circle) shows the linear

line is the line¢’(¢) = 0.54. dependence op, as expected for a mono-fractal scaling, the second
one (empty circle) displays a clear anomalous dependenge on

The presence of a single solutian=£ s; = so = 0.54 where 0.7
s4 is the solution for the moment ordgyindependent frorg

suggests that a monofractal scaling characterizes the selected

Y range. This hypothesis is confirmed in Figvhere we re-
port the solutions of’(¢) obtained by solving numerically
Eqg. (1) for ¢ € [-5,5], and compare them wit' (¢) = ¢s.
The excellent linear scaling df (¢) is the signature for a
mono-fractal behavior of AE in the selected” range.

Similarly, we look for solutions of Eq.1(1) for otherY
ranges, thus constructing thrank-ordered spectrums = C i
s(Y), of the scaling indices. We find single solutions for each 0.3 olundlnnbnlonbnlnn bl b
range ofY except for the case df € [—-45,+45]nT where a -200-150-100 -50 0 50 100 150 200
secondary solution is obtained. This extra solution, that can Y [nT]
be considered as a secondary branch¥er [—45,45] nT,
does not satisfy the reqUIremen’F of .Ilnear scallng with theFig. 7. Profile of the rank-ordered spectrurt’) for scaling expo-
moment ordey, as clearly shown in Fids for a particulary nents.
interval. For this reason we consider these extra solutions as
spurious ones and neglect them in what follows.

Figure 7 shows the rank-ordered spectruitY) for both agreement with the single scaling exponent found by us in
positive and negative values & The rank-ordered spec- our previous analysis and consistent withat et al(2002.
trum s(Y) can be considered as a discrete version of a con- Another peculiar feature of the rank-ordered spectrum
tinuous multifractal spectrum for the AE index increments. s(Y) is the decrease offor increasingY, suggesting a less
The presence of a certain degree of asymmetry is observegpace filling character of large scaled incremeftsn other
among the scaling exponents of positive and negative AE inwords, this result reflects the sparse nature in time of the oc-
dex increments in the rangee [—25, 25| nT. This asymme-  currence of large amplitude increments.
try has to be related to the physical mechanism of auroral Taking into account that the scaling exponetit) is
electrojet current increase and decay. We note that the scakquivalent to the Hurst exponeft for the Y scaled incre-
ing exponent approaches neither®for Y — 0, asitwould  ments and that the Hurst exponétis related to the degree
be expected in the case of a Gaussian random process, nor tbépersistencyKlergarten2002), the rank-ordered spectrum
scaling exponent of the probability of retuP(0; 7). Ittends  s(Y) could consequently reflect the different persistency de-
to s(0) ~ 0.685. The finite size of th& range ¢ < [-5,5] gree of small and large (negative and positive) scaled incre-
NT, i.e., AY = Ymax— Ymin=10nT) used to determing0) mentsY. In particular the rank-ordered spectruit), re-
could explain this result. To check this point we reduce theported in Fig.7, seems to suggest that the small AE index
size of theY range considered to determin@), finding that ~ scaled incrementg ¥ |< 70 nT) are persistent &%2), while
s(0) — 0.49 for AY =4 (see Tabld). This value is well in  very largeY values are anti-persistert £%2). Again, this

0.6

0.5

s(Y)

0.4 o= .

L]
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Table 1. Scaling exponents(0) versusY range. 10_1 e T=4'
& =8
— 1 T=16
Y range [nT] 5(0) ol 102 - ..J “’0. oty
[-5,+5]  0.685+0.010 A= , A . T=64'
[-4,+4]  0.640+0.010 - 107 [~ & .
[-3,+3]  0.585+0.010 - o ",
[-2,42]  0.490+0.010 S M = o e
‘0" ‘.‘o .
s |-t e
10 _| L1 11 | | I | 111 | | I |
different character could be the consequence of the bursty =200 -100 0 100 200
nature of the AE index. We will return on this point in the Y [nT]

next Section. Furthermore, the asymmetry among the scal-
ing exponents of positive and negative AE index increments_ A0S " ing the di cordered
in the intervalY e [—25,25]nT is reflected also in a more 9 8- Collapsing of PDFs using the discrete rank-ordered spec-
. .. trums(Y) of Fig. 7.
persistent character of positive
In Figure 8 we report the PDF master curve as obtained

collapsing all the PDFs using Egd)(wheres is the rank-  y >~ 120—140nT (i.e.,8AE(z) > 220 nT fort =4 min). A
ordered spectrum(Y) reported in Fig.7. When it is com-  possible interpretation of this discrepancy may be a different
pared with the mono-scaling procedure of F&j.the data  physical origin of very large positive AE index increments.
collapsing is excellent for < 0. The slight deviation from  As well documented in several works (see ek@amide and
a perfect collapsing observed for positiye- 120—140nT  Kokubun 1996 Consolini and De Michelis2005and ref-
could be due to a nonlinear crossover between differengrence therein), the AE index is indeed representative of two
regimes, as illustrated blam et al.(2010 using a different  different processes: tremlar-wind directly driven convection
data set. This point is not investigated here. and theimpulsive unloading processThese two processes
are expected to be characterized by a completely different
increase of the auroral electrojet current intensity, the for-
4 Conclusions mer being characterized by a slow and small increase of the

. ) ) ) electrojet current intensity with time, and the latter by a fast
In this work we investigate the multifractal nature of the AE 54 very large increase of the AE indednsolini and De

index by applying the ROMA technique. Our results confirm \jichelis, 2005. Thus, it is quite reasonable to relate the non

the previous findings b€onsolini et al(1996 and the.more perfect PDFs collapsing faf > 120— 140 nT with the possi-

recent results bRypdal and Rypddl010 thatthe AE index  pe occurrence of a crossover behavidyrfamical transition

has to be described by a multifractal model. to a different regime) for these very large This point re-
With respect to the previous analyses of AE index featuresquires a more detailed analysis that will be done elsewhere

the ROMA technique demonstrates that the overall collapsin the future. In contrast, the decay mechanism seems to

ing of the PDFs of AE index increments at different time de- be characterized by a Sing|e process_ThiS hypothesis is sup-

lays (r € [4,64] min) requires a spectrum of scaling indices, ported by the excellent PDF collapsing for negafivealues.

the rank-ordered spectrum(Y), which is a function of the | conclusion, we have evidenced that the complex nature

amplitude of the increments themselves. In other WOI‘dS, thQ_)f the AE index iS adequetely described in terms Of a mu'_

ROMA technique is capable of identifying the specific fractal tifractal structure also by analyzing the PDF scaling. This

properties for increments of a certain magnitude, providingresult confirms the previous work I§yonsolini et al(1996

the appropriate scaling exponent associated with the collapsand the recent results Bgypdal and Rypda{2010. Fur-

ing of the PDFs with the scale at that increment magnitude. thermore, we have also provided an excellent example of the
In comparison with the previous analyses, the applicationROMA technique capability of extracting the complex nature

of ROMA to positive and negative scaled incremeritse-  of fluctuations (increments) of different magnitude and signs.

veals a certain degree of asymmetry of the scaling spectrum

s(Y). This asymmetry has to be linked to the different physi- Acknowledgementse are indebted with T. Chang (MIT —

cal properties of positive and negative AE index increments.cambridge, USA) for the useful discussions and comments on

As a matter of fact, positive AE index increments are re- this work. The authors thank both the National Geophysical Data
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