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Abstract. We show that distinct changes in scaling parame-MSs are relatively rare events; as in the case of tropospheric
ters of theD;, index time series occur as an intense magneticstorms, earthquakes, solar flares, etc., the occurrence of geo-
storm approaches, revealing a gradual reduction in complexmagnetic storms rapidly decreases as their magnitude grows.
ity. The remarkable acceleration of energy release — maniThe present study is initially focused on one yeabgf data
fested in the increase in susceptibility — couples to the tran{2001), characterized by two important events, in the first and
sition from anti-persistent (negative feedback) to persistentast trimesters of the considered interval.
(positive feedback) behavior and indicates that the occurence The complex system of the Earth’s magnetosphere, which
of an intense magnetic storm is imminent. The main driver ofcorresponds to an open spatially extended nonequilibrium
the Dy, index, theV Bsouihelectric field component, does not (input — output) system, manifests itself in linkages be-
reveal a similar transition to persistency prior to the storm.tween space and time, producing characteristic fractal struc-
This indicates that while the magnetosphere is mostly drivertures (Freeman and Watkins, 2002). In this paper, the frac-
by the solar wind the critical feature of persistency in the tal spectral properties of th®,, data are examined using
magnetosphere is the result of a combination of solar windwavelet analysis methods developed by Torrence and Compo
and internal magnetospheric activity rather than solar wind(1998), Balasis et al. (2005) and Mandea and Balasis (2006).
variations alone. Our results suggest that the development diVe point out that the same wavelet tools have been ap-
an intense magnetic storm can be studied in terms of “interplied by Mandea and Balasis (2006) to satellite magnetic
mittent criticality” that is of a more general character than data for an astrophysical application, thus showing remark-
the classical self-organized criticality phenomena, implying able applicability to the delineation of fine electromagnetic
the predictability of the magnetosphere. structures contained within geophysical sign&ksp://www.
sciencemag.org/content/vol314/issue5798/tw)l.dHere, it
is shown that distinct changes in associated scaling parame-
ters emerge as large magnetospheric disturbances approach
(e.g. 31 March 2001 and 6 November 2001 with minimums
Dy, —387 nT and—292 nT, respectively).

Since the magnetospheric activity is determined to a large
1 Introduction extent by variations in the interplanetary medium, it is impor-

tant to differentiate between scalings produced by the vari-

Magnetic storms (MSs) occur when the accumulated inputyjjivy of the interplanetary magnetic field and those due to
power from the solar wind exceeds a certain threshold. MS§yerna) processes. Therefore, we have applied similar tools

are a main element of space weather: they have severe imst anaiysis to corresponding time series of the solar wind
pacts on both space-borne and ground-based technologlcahver variablesy Bsouth Our findings suggest that the tran-

systems (Daglis et al., 2001). MS intensity is usually repre-gjion in the p,, scaling represents the effects of internal
sented by an average of the geomagnetic perturbations megs,gnetospheric processes rather than interplanetary varia-

sured at four mid-latitude magnetic observatories, known asjons  Our conclusions are supported with results from an-
the Dy, index (http://swdcwww.kugi.kyoto-u.ac.jp/Intense other solar cycle maximum (1989).
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2 Fractal spectral analysis of theDy, time series generally producing fractal patterns, as the extreme event
is approached. In particular, our attention is directed to
Observations suggest that under the influence of the solafhether distinct alterations in the associated scaling param-
wind, the magnetosphere can be channelled into a globeters emerge when an intense MS approaches. For this pur-
ally non-equilibrium critical state (Chang, 1999; Consolini pose, we applied the wavelet analysis technique (Balasis et
and Chang, 2001, 2002). A common hallmark of out-of- 3. 2005; Mandea and Balasis, 2006) to thg time vari-
equilibrium phenomena is their extraordinary complexity. ations, in order to derive the coefficients of its power spec-
Complex systems self-organize their internal structure andrym.
their dynamics, showing novel and surprising macroscopic The wavelet transform provides a representation of the
properties, including coherent large-scale collective behavsigna| in both the time and frequency domains (Kumar and
iors. A universal footprint seen in many complex systemsfoufoula-Georgiou, 1997). In contrast to the Fourier trans-
near criticality is the self-affinity for energy release from the form, which provides the description of the overall regular-
system that signals a fractal topology, namely a multi-scalejty of signals, the wavelet transform identifies the tempo-
process with no preferred spatial and temporal scales. Theg| evolution of various frequencies (i.e. as a time-frequency
fractional power-law relationship is a standard definition of aplane that indicates the frequency content of a signal at every
self-affine structure. time). This feature of the wavelet transform is useful for the
A basic reason for our interest in Complexity is the strik- DSI time series because it is non-stationary and has a time-
ing similarity in behavior near the critical point among sys- varying frequency content. The decomposition pattern of the
tems that are otherwise quite different in nature (Stanleytime-frequency plane is predetermined by the choice of the
1999, 2000; Viczek, 2001, 2002; Sornette, 2004). Lotspasjs function. In the present study, we used the continuous
of work on complexity focuses on power-law distributions \ayelet transform with the Morlet wavelet as the basis func-
which describe the scaling properties of fractal processes anglon. The results were checked for consistency using the Paul
structures (e.g. Malamud et al., 1998). Recent studies havgnd DOG mother functions (Torrence and Compo, 1998).
demonstrated that a large variety of complex processes, in- The non-stationary character of th,, index requires
cluding earthquakes (Bak, 1996), forest fires (Malamud efmethods that can appropriately treat such non-stationarities.
al., 1998), heartbeats (Peng et al., 1995), human coordinan practice, the condition of stationarity for non-stationary
tion (Gilden et al., 1995), neuronal dynamics (Worrell et signals can be satisfied by dividing the signal into blocks
al., 2002) and financial markets (Mandelbrot, 2005; Kiyono of short, pseudo-stationary segments (Akay, 1997). On the
et al., 2006) exhibit statistical similarities, most commonly gther hand, recent studies show that the wavelet transform
power-law scaling behaviors of a particular observable. ~ ¢an remove effects due to non-stationarities present in the
Although self-organized criticality (SOC) can exist, time series (Amaral et al., 1998). For the 1-year period con-
strictly speaking, only in the limit of infinitely slow external  sigered here (year 2001), applying the wavelet transform to
input, where a complete separation of time scales is achieveghe nourly D,, values leads to a matrix with 65(365x 24)
(Gedalin et al., 2005), it has also been applied to presumglements, where 65 is the number of frequencies. Then,
ably strong driving avalanching systems. A good example ofpower spectral densities were estimated in the frequency
such systems is space plasma and, in particular, the plasma @nge from 2 to 128 h, using a moving window of 256 sam-
the Earth’s magnetotail under magnetic substorm conditiongyjes. The number of samples by which the moving window

(Chang et al., 2006). Additionally, Jun and Wu (2005) have sections overlap is 255. Finally, the spectral parametarsi
recently found a large-scale intermittency in a system whichg \vere calculated for each window.

is strongly driven in turbulence by an external source. In Fig. 1, theD,, time series and its wavelet power spec-

If a time series is a temporal fractal, then a power-law of ,m are shown (upper panels), while in Fig. 2, the tempo-
the form ral evolution of its spectral parametersand 8 are plotted
S(f) o 7P (1) (upper panels). In Figs. 3a—3b, we show examples of the

fitting of equation (1) in individual time windows; each of
is obeyed, withS(f) the power spectral density anfithe  these windows has a duration of 256 h. In Figs. 3c—3d the
frequency. The spectral scaling expongrnit a measure of  error estimates which correspond to the spectra presented in
the strength of time correlations. The suitability of the fit of Figs. 3a—3b are shown.
a time series to the power-law is represented by the linear
correlation coefficient;, of this representation. 2.1 Fractal properties

A way to examine transient phenomena is to divide the
measurements into time windows and analyze these winThe temporal evolution of (seerp,, plot in Fig. 2) indicates
dows. If this analysis yields different results for some pre- that the fit to the power-law is excellent {s always above
cursory time intervals, then a transient behavior can be ex0.94). This means that the fractal character of the underlying
tracted. Thus, we first examine whether the underlying com-processes and structures is compact: the activity could be as-
plexity manifests itself in linkages between space and timegcribed to a multi-time-scale cooperative activity of numerous
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Fig. 1. From top to bottom:Dy; time series and its wavelet power
spectrum (upper panelsy;Bsquthtime series and its wavelet power
spectrum (lower panels). The 31 March and 6 November 2001 MSgjg 2. From top to bottom Dy linear correlation coefficientsand
are marked with red in the time series plots. spectral exponents (upper panels), and correspondiidsoyth

and B values (lower panels). The spectral parameters were esti-

mated from the wavelet power spectra of Fig. 1 using a 256-hour
activated units, in which an individual unit behavior is dom- moving window with an overlap of 255 samples. The red dashed
inated by its neighbors, so that all units simultaneously altedine in gp_, plot marks the transition between anti-persistent and
their behavior to a common large-scale fractal pattern. In thePersistent behavior.
cases of the 31 March and 6 November 2001 MSs, we ob-
serve a further increase inas the main phase approaches: a
region withr>0.99 is observed during the last stage of pre- With its most recent values but also with its long-term his-
cursory activity. The high-values indicate that the cluster- tory in a scale-invariant, fractal manner. In other words, the
ing of activated events in more compact fractal structures iSystem refers to its history in order to determine its future.
strengthened during this period. Such elementary activated The distribution of theg exponent is also shifted to higher
events could, in the case of MSs, be successive stages oflues as the intense MSs approach. This shift reveals sev-
acceleration and earthward transport of ions — for exampleeral features of the underlying mechanism. Agicreases,
due to substorm-induced impulsive electric fields (Daglis etthe spatial correlation in the time series also increases (Tur-
al., 2004). Substorms, as well as regular convection resultotte, 1997). This behavior indicates a gradual increase of
in multiple ring currents with a distribution of growth/decay the memory, and thus a gradual reduction in complexity in
times (Liemohn and Kozyra, 2003). the underlying dynamics. This suggests that the occurence

of an intense MS may represent a gradual transition from a
2.2 The transition from anti-persistent to persistent properJess orderly state to a more orderly state (see also Sitnov et

ties al., 2001).
The colour type of the power spectrum densjy-0) in-
Two classes of signal have been widely used to modeMdicates that the spectrum manifests more power at low fre-
stochastic fractal time series (Heneghan and McDarbyguencies than at high frequencies. The spectral expghent
2000): fractional Gaussian noise (fGn) and fractional Brow-is increasing with time, indicating the gradual enhancement
nian motion (fBm). These are, respectively, generalizationsof lower frequency fluctuations. This observation is consis-
of white Gaussian noise and Brownian motion. A formal tent with the following physical picture: the activated partial
mathematical definition of continuous fBm was first offered ring currents coalesce to form larger fractal structures, i.e.
by Mandelbrot and Ness (1968). For the case of the fGnthe events are initiated at the lowest level of the hierarchy,
model the scaling exponepitlies between-1 and 1, while  with the smallest elements merging in turn to form larger and
the regime of fBm is indicated b§ values from 1 to 3. larger ones. This sign may be considered as a precursor of
For our study, the8 values (se@p,, plotin Fig. 2) are dis-  the forthcoming magnetic storm.

tributed in a region defined from 1 to 3. This means that the The g exponent is related to the Hurst exponéit,
time profile of theD;; time series is qualitatively analogous
to fBm, possessing long-range temporal correlations. More8 = 2H + 1 (2)
precisely, the observed fractal-law((f) o f~#) indicates
the existence of long-term memory. This means that the curwith O<H <1 (1<g<3) for the fBm random field model
rent value of the geomagnetic signal is correlated not only(Heneghan and McDarby, 2000). The exponekit

I h h 1 f 1 i i h L 1
0 30 60 313 120 150 180 210 240 270 6/11 330 360
Time (days) in 2001
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Fig. 3. (a{(b) The power spectral density functions of thg; index for days starting on the values indicated on the top of each diagram
and lasting 256 h. The black line gives a fitted power-law of the 8trf) oc £ 7 to periods 2—128 hc)~(d) Error estimates of the linear
coefficients- and spectral exponengsfor the spectra shown ifa) and(b), respectively.

characterizes the persistent/anti-persistent properties of thecreases in a time interval, it is likely to continue increasing
signal (Kapiris et al., 2003, 20044, b). in the immediately next interval. In other words, the under-

The range & H <0.5 (1<B<2) indicates anti-persistency, lying dynamics is governed by a positive feedback mecha-
which means that if the fluctuations increase in a period, it isnism. A close up of thé,, time series from days 60 to 120
likely to decrease in the interval immediately following and and 280 to 340, as well as the corresponding wavelet power
vice versa. Physically, this implies that fluctuations tend tospectra and spectral parameteendg, are given in Figs. 4a
induce stability within the system (negative feedback mecha-and 4b, respectively.

nism). Figure 2 reveals that thH,, time series exhibits anti- The valueH=0.5 (8=2) suggests that there is no corre-
persistent properties during the quiet period (i.e. well beforelation between the repeated increments. Consequently, this
and after 31 March and 6 November 2001 MSs). particular value takes on a special physical meaning: it marks

We draw attention to the fact thdd,; exhibits persis- the transition between anti-persistent and persistent behav-
tent properties, 8<H <1 (2<8<3), around 31 March and ior in the time series. To conclude, one can recognize two
6 November 2001 MSs (c.f. Fig. 2: parts@_, plot, marked different regimes. The first refers to quiet epochs of mag-
in red). This means that if the amplitude of the fluctuations netospheric activity. The associat&y, time series follows

Ann. Geophys., 24, 3553567, 2006 www.ann-geophys.net/24/3557/2006/
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Fig. 4. (a){(d) A close-up on days 60 to 120 and 280 to 340 of Figs. 1-2. At each subfifiyreor V Bgg,ihtime series and its wavelet
power spectrum (upper panels), corresponding linear correlation coefficiantsspectral exponengs(lower panels).

the fBm model with anti-persistent properties. Figure 5afrequencies of about 1/(6T), 1/(8T), (1/12T), (1/24T), where
shows the functioog S(f) versusf for such a quiet period 7T=1h, which has also been previously detected by Takalo et
(days 150-240). The anti-persistent behavior is verified. Theal. (1995).

second regime refers to the epoch including an intense MS.

The Dy, time series also obeys the fBm model; it, however,

shows persistent behavior. Figures 5b—5c show the functiod® Is the transition in the Dy; solely imposed by the solar
logS(f) versusf for two such epochs associated with the ~ wind?

two intense MSs emerged during the 2001. The plot verifies

their persistent behavior. Based on the results of Figs. 5a—5¢3ince the magnetospheric activity is determined to a large ex-
Fig. 2 shows the consecutive transitions from one regime tdent by variations in the interplanetary medium, it is impor-

another. tant to differentiate between scalings produced by the vari-
ability of the interplanetary magnetic field and those due to
Remark: Figure 5d shows the power spectrumif; in- internal processes. Magnetospheric convection, which leads

dex for the year 2001. The slope of the spectral line is ap-o ring current intensification and an increase in ground ge-
proximately 2. This fractal feature suggests that the dynam-omagnetic disturbances (representediy), is primarily

ics of the whole time series is similar to that of a Brownian driven by the solar wind electric fieldxB, and in partic-
motion. This result is in harmony with the recent analysis ular its negative party Bsouir In Fig. 1, theV Bsguih time
performed by Wei et al. (2004). The average of the powerseries data and its wavelet power spectrum are also shown
spectral density functions of thBy, index for many years (lower panels). The correlation coefficient(seery pg,y,
reveals that its power spectrum exhibits some periodicities aplot in Fig. 2) varies from values as low as 0.5 up to almost

www.ann-geophys.net/24/3557/2006/ Ann. Geophys., 24, 335722006
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Fig. 5. The power spectral density functions of thg; index for days 150-24(), 60—120(b), 270-330(c) and for all days in year 2001
(d). The red points correspond to periods 2-128 h. The black line gives a fitted power-law of thg(forenf —# to these periods.

unity in some cases. On 31 March 200kecomes almost 1, subject to modulation by internal magnetospheric conditions
whereas on 6 November 2001 it drops close to 0.8. We alsgDaglis et al., 2003).
found that theV Bsguth power spectrum either implies fGn
behavior (epochs with©8<1), or signifies an activity com- A close up of theV Bsguth time series from days 60 to
patible with the fBm model possessing anti-persistent prop-120 and 280 to 340, as well as the corresponding wavelet
erties (epochs with48<2). Indeed, the exponent increases power spectra and spectral parameteesd 8 are given in
with activity, but never reaches the persistent regimefike ~ Figs. 4c—4d, respectively. Note that the wavelet spectra of
does (c.f.By pgoum PIOt in Fig. 2). Thus, the transition in the D5, and V Bsouth are remarkably similar around 31 March
Dy, scaling, i.e. the transition from the anti-persistent to per-2001 (Figs. 4a and 4c). Since the wavelet spectrum is essen-
sistent regime, also reflects the effects of internal magnetotially a power spectrum in the wavelet basis, ihg scaling
spheric processes rather than interplanetary variations alon#&ansition is due to the phase spectrum and its evolution in the
This is consistent with studies showing that interplanetarycourse of the storm. For the other event (around 6 Novem-
driving through southward-oriented magnetic fields is not al-ber 2001), the wavelet spectra are different for the two vari-
ways by itself sufficient to drive intense MSs, because it isables (Figs. 4b and 4d). These differences enhance our point
of view that some of the magnetospheric variability has inter-

Ann. Geophys., 24, 3553567, 2006 www.ann-geophys.net/24/3557/2006/
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nal origin and it is not solely due to the solar wind conditions.

In Figs. 6a—6hD;, andV BsgythVariations, as well as cor-
respondingr and 8 parameters from another year (1989), o]
are shown. This year represents the previous solar cycle 3jj§j
maximum. 1989 includes the largest magnetic storm ever -t
recorded {589 nT, 14 March 1989) and a group of 3 intense
magnetic storms which occurred within a time interval of 3
months (255 nT, 19 September 1989268 nT, 21 October
1989; —266 nT, 17 November 1989). Note that theval-
ues forDy; are well above 24 > 2.2) for a time interval :
of approximately one month in the first case and for almost :
3 months in the second case, respectively (see red color in ol
Fig. 6a), whileg never exceeds 1.5 for théBsguth Values = oo
(Fig. 6b).

4 A possible scenario for the development of intense
MSs

Maslov et al. (1994) have formally established the relation-
ship between spatial fractal behavior and long-range tempo-
ral correlations for a broad range of critical phenomena. By
studying the time correlations in the local activity, they show .
that the temporal and spatial activity can be described as dif- |
ferent cuts in the same underlying fractal. In a geometrical '
sense,B specifies the strength of the signal irregularity as
well. The fractal dimensio® is calculated from the relation

D=(5-p)/2 ®3)

for the fBm random field model (Heneghan and McDarby, . I
2000), which, after considering the shift gfto higher val- S sy T
ues, leads to a decrease in the fractal dimension as the mag- (b)
netic storm approaches. This may reflect that the action o‘:.

. . g. 6. (a—b)Ds; or V Bgpuintime series, corresponding linear cor-
anisotropy inherent to the system leads to the appearance Qelation coeffii:ientsr an%lu spectral exponen. The red dashed

a clgar preferred direction of elementary activities (i_on acceljine in 8Dy, plot (b) marks the transition between anti-persistent
eration and earthward transport) just before the main event ofnq persistent behavior.

the system’s evolution, which is the massive and continuous
earthward injection of accelerated ions. Theoretical and ex-

perimental evidence support the former hypothesis: through- ] ) o o ]
out the entire main phase and during the early recovery phasEaCtal dimension of the variations with time, i.e. appearance

of intense MSs the geometry of the energy flow producesOf strong anigotrop_y in element_ary_ activities. (iv) Existenc_e
a highly asymmetric ring current configuration (Daglis and ©f Strong anti-persistent behavior in the pre-main phase in-
Kozyra, 2002; Daglis et al., 2003; Balasis et al., 2004: Ba|_terva}l, i.e. prior tq thellnte.nse MS_. (v) Decrease in thel anti-
asis and Egbert, 2006). The emergence of strong anisotroph€rsistent behavior with time. (vi) Emergence of persistent
rationalizes a further reduction in complexity with time. properties in the tail of the time series. (vii) Predominance of

By monitoring the temporal evolution of the fractal spec- large magnetospheric events with time. (\_/iii) Significant ac-
tral characteristics i,; we found that distinct alterations in  c€leration of the energy release as the main event approaches,
the associated scaling parameters indicate a transition frorh€: Incréase in the susceptibility of the system. (ix) Grad-
the low-activity state to an abnormal/high-activity state (in- Ua! @ppearance of higher frequencies in the spectrum with
tense MS) as follows: (i) emergence of long-range corre-2 simultaneous increase in the ampl.ltudes at each emission
lations, i.e. appearance of memory effects. This implies d&t€ as the MS peak approaches, mainly characterizing lower
multi-time-scale cooperative activity of numerous activated €Mission rates.
units. (ii) Increase in the spatial correlation in the time se- The aforementioned signatures (including temporal
ries with time. This indicates a gradual transition from a lesschanges in scaling parameters) distinguish the dynamics
orderly state to a more orderly state. (iii) Decrease in theof a complex system close to its instability. They may

outn (MV/M)

VB,
o N & o ®
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indicate the following scenario for the development of an dynamics with memory effects, which may be characterized
intense MS. During the pre-storm period, the system isoverall as “intermittent criticality” (Bowman et al., 1998;
in a sub-critical anti-persistent state, with a restricted andSammis and Sornette, 2002). Intermittent criticality pre-
systematically fluctuating correlation length. Long-range dicts a time-dependent variation in the activity as the “critical
correlations gradually build up through local interactions point” is approached, implying, in contrast to SOC, a degree
until instabilities extend throughout the entire system. Suchof predictability. The central prediction of this hypothesis
instabilities can channel the magnetosphere into a globallys that large events occur when the system is near a critical
stable non-equilibrium super-critical state.  Substormsstate that is characterized by both extreme susceptibility to
may be the agents by which longer correlations are estabexternal factors and strong correlations between different ac-
lished. A population of substorms, as a result of the solartivated parts of the systems (Bowman et al., 1998; Sammis
wind-magnetosphere coupling, will advance the correlationand Sornette, 2002).
length by an amount depending on the coupling magnitude The present study suggests that it is important to distin-
and duration and on the magnetosphere state, triggeringuish between SOC and intermittent criticality in the study
intense MSs only if the condition is right: in a sub-critical of the MS cycle. A proper recognition and understanding
anti-persistent regime, a population of small solar wind of tuning parameters may lead to improved magnetospheric
energy inputs leads to a quickly decaying activity, namely models having higher performance reliability. One of the
substorms or weak storms which do not lead to massive ringnain features in the complexity is the role that the topologi-
current build-up. In the super-critical persistent state thiscal disorder plays in such systems. The range of size scales
process is just able to continue indefinitely. This explainscharacterizing heterogeneities of the thresholds might act as
in a natural way the following: when the magnetosphere isa tuning parameter of the underlying final MS dynamics.
not close to criticality it can only exhibit a small response A question that arises is whether the evolution toward an
to a small external perturbation, whereas when the maginstability of the system is inevitable after the appearance of
netosphere is close to criticality its response may becomelistinct symptoms in the geomagnetic variations. The emer-
explosive to the same small external perturbation due to thegjence of persistent behavior, the significant acceleration of
high susceptibility of its system. An intense MS destroysthe energy release, i.e. the increase in the susceptibility of
long correlations, creating a new low-activity period during the system, the appearance of fluctuations at all scales with
which the process repeats under the influence of the solag simultaneous predominance of large geomagnetic events,
wind by rebuilding correlation lengths toward criticality the emergence of strong anisotropy, namely the appearance
and the next large event. Thus, a large shock of the systeraf preferential direction, indicate that the generation of an
may act as a sort of critical point (Chang, 1992), dividing intense MS becomes, indeed, unavoidable.
the geomagnetic cycle into a period of growing correlations
before the great event and a relatively uncorrelated phase
thereafter. 6 On the transition from the anti-persistent to persis-
In terms of criticality the acceleration of activity is the tent regime
consequence of the growth of the spatial correlation length.
Thus, a large MS which is not immediately preceded by aWe focus on the observed interesting transition from the anti-
period of accelerating activity may represent a system whichpersistent to the persistent regime. The anti-persistent behav-
had previously reached a critical state but has not yet had aipr characterizes the magnetosphere during substorms, while
MS large enough to perturb the system away from the criticalthe catastrophic events are in reasonable agreement with per-
state. On the other hand, an accelerating geomagnetic actisistent models. Recent studies have also underlined the exis-
ity which is not followed by a large MS may mirror a system tence of two different regimes in agreement with our pro-
which has achieved criticality but in which a large event hasposal. We note that Sitnov et al. (2001) have suggested
not nucleated. that while substorm activity resembles second-order phase
transitions, the largest substorm avalanches (occurring dur-
ing intense MSs) are shown to reveal features of first-order
5 Self-organized or intermittent criticality? non-equilibrium transitions. Although there is no evidence
of energy storage or turbulence in the magnetic topology
The analogies with the dynamics of the SOC model for mag-of the inner magnetosphere the corresponding pictures in
netospheric substorms have been discussed by numerous agach regime (anti-persistent/second-order phase transitions
thors (Sitnov et al., 2001; Uritsky et al., 2002 and refer- — persistent/first order non-equilibrium transitions) are not
ences therein). Pure SOC models imply a system perpetuallin contradiction.
near instability, hence reducing the degree of predictability The point of view that the substorm activity resembles
of individual events. Our analysis suggests that the magnethe nonequilibrium (first and/or second order) phase transi-
tosphere may not be in a state of continuous SOC. On th&ion (Sitnov et al., 2001) is also consistent with the “mag-
contrary, the aforementioned evolution incorporates a timenetic topological complexity” emerging from Chang’s model
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(Chang, 1999, 2001a). In the frame of this approach, if wepreted as a critical increase in the susceptibility of the system,
consider a physical system with a given disorder magnetican effect typical for a system in the super-critical state, where
field structure, the minimum free energy is a function of any small instabilities can provoke large-scale reactions ac-
the topological complexity of the magnetic field. In such companied by essential energy release.
a system, any non-ideal process which modifies the over- Recently, Chang et al. (2006) have noted the following:
all topology may be associated with a sort of a dynamical“turbulence in space plasmas generally encompass fluctua-
transition between two different local minima in the config- tions of all varieties and sizes, which interact and propagate
uration space during which a certain amount of free energythroughout the plasma medium: multitudes of different sizes
is relaxed. The emerging dynamical framework is that of of large scale (i.e. sizes much larger than the original par-
a random walk in a complex free energy landscape. If theticle sizes of the plasma medium) ‘coherent structures’ are
system evolves near criticality, this random walk in the freeformed. When coherent magnetic flux tubes with the same
energy space will be characterized by a time correlation inpolarity migrate toward each other, strong local magnetic
the jumps. In this framework, magnetic substorms are betteshears are created. It has been demonstrated that existing
described in terms of noise-induced topological transitionssporadic nonpropagating fluctuations will generally migrate
in an extended out-of-equilibrium system. In other words, toward the strong local magnetic shear region. Eventually
the magnetic substorm is the set of phenomena during whiclthe mean local energies of the coherent structures will be
a reduction in topological complexity takes place (Chang,dissipated into these concentrated fluctuations in the coarse-
2001a, 2001b; Consolini and Chang, 2001, 2002; Consolingrained sense and, thereby reconfigure the topologies of the
and De Michelis, 2002). The role of the solar wind driver coherent structures of the same polarity into a combined
would be to enhance the internal noise (i.e. the internal fluclower local energetic state, eventually allowing the coherent
tuations) which could induce a topological transition amongstructures to merge locally. And, this merging or ‘magnetic
metastable complex topologies. In such a case, the evolutioreconfiguration’ process may repeat over and over again
of the magnetospheric system will be the result of the com-among the coherent structures. The fluctuations that are in-
bined effects of local couplings of the magnetic and plasmagluced by such processes are sporadic and localized. Because
structures, and of the noise intensity through the nonlinearithe coherent structures are numerous and outsized, we ex-
ties of the system. The aforementioned evolutionary scenaripect that the fluctuations within the interaction regions of
is one of strong dynamics, and involves the evolution amonghese structures (resonance overlap regions) are generally
first-order and second-order transitions of topological com-large and can occur relatively often compared to those that
plexity (Consolini and Chang, 2001). Furthermore, Chang etwould have been expected from a medium of uniformly sized
al. (2003, 2004) described a theory of intermittent turbulenceplasma particles. Such statistical characteristic of ‘extreme
in space plasmas which agrees with the idea of intermittenevents’ exemplifies the phenomenon of intermittent turbu-
criticality discussed in the previous section. lence in space plasmas” The whole description, perhaps
not surprisingly, seems to fit to our magnetospheric evolu-
tion scenario presented in Sect. 4: the creation of the strong
7 Conclusions local magnetic shears agrees with the appearance of a clear
preferred direction of elementary activities; the magnetic re-
The fractal spectral analysis applied here indicates that inconfiguration process may be repeated over and over again
tense MSs are not clear SOC phenomena. SOC implies among the coherent structures, as in the persistent state the
system perpetually near global failure. This suggests largdocal interactions are just able to continue indefinitely etc.
correlations would be maintained in the system, hence re- Two lines of evidence support one of the main results of
ducing the degree of predictability of individual intense MSs. our analysis: while the magnetosphere is mostly driven by
However, several results of the present analysis have been inke solar wind the critical feature of persistency in the mag-
terpreted in the frame of the intermittent criticality approach netosphere is the result of a combination of solar wind and
(Bowman et al., 1998; Sammis and Sornette, 2002), implyinginternal magnetospheric activity rather than solar wind vari-
instead a magnetosphere maintained predominantly in a sutations alone. First, a search for a spectral signature in the
critical state, with fluctuations during the intense MS repre-main interplanetary driver oby,, the V Bsouth electric field
senting super-critical state. The preparation of an intense M&omponent, does not reveal a similar transition to persistency
in the frame of the intermittent criticality, that is of a more prior to or around the storm. Second, the wavelet spec-
general character than the classical SOC phenomena (Bak &t of Dy, and V Bsouth are remarkably similar around 31
al., 1987), implies a degree of predictability in the popula- March 2001 but quite different, around 6 November 2001,
tion dynamics (Sornette, 2004). Our results are consistenivith the D,, spectrum possessing more power. These differ-
with the emergence of intermittent criticality. ences enhance our point of view that some of the magneto-
Our analysis suggests as a main result that a spectral sigpheric variability has internal origin and is not solely due
nature related to the emergence of persistency abthéime to the solar wind conditions. This proposal is in agreement
series precedes an intense MS. The spectral signature is interith the suggestion that the system may evolve toward a sort
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