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Abstract. We investigate time evolution of scaling index describe auroral dynamics as a manifestation of transients in
that characterizes auroral luminosity fluctuations at the bethe magnetosphere-ionosphere systelmtgky et al, 2002
ginning of substorm expansion. With the use of UVI imagesKozeloy, 2003 Kozelov et al, 2004 Kozelov and Rypdal
from the Polar satellite, it is shown thaf, typically varies 2007 Klimas et al, 2010. In both approaches, power law
from values less than unity te1.5, increasing with breakup distributions of various auroral characteristics over temporal
progress. Similar scaling features were previously reportecand/or spatial scale, a signature of scale-independent regime,
for fluctuations at smaller scales from all-sky TV observa- were stated.

tions. If this signature is interpreted in terms of non-linear A detailed study of turbulence manifestations in the aurora
interactions between scales, it means that the power of smalhas been performed b@olovchanskaya et a(2008, and
scale fluctuations is transferred with time to larger scales, gractical guidelines for derivation of aurora scaling parame-
kind of the inverse cascade. Scaling behavior in the auroraers from ground-based imaging observations were given by
during substorm activity is compared with that in the field- Kozelov and Golovchanskay2010.

aligned currents simulated numerically in the model of non- The observed power-law distributions in the emission in-
linear interactions of Alfénic coherent structures, according tensity over scales for substorm aurora indicate that scaling
to theChang et al(2004 scenario. This scenario also sug- index a4 undergoes a characteristic temporal variation, in-
gests an inverse cascade, manifesting in clustering of smallcreasing with development of auroral activity. This was pre-
scale field-aligned current filaments of the same polarity andyiously reported byKozelov and Rypda{2007) by TV all-
formation of “coarse-grained” structures of field-aligned cur- sky observations. For larger spatial scales observed by the
rents. Polar UVI imager, a similar temporal variation of the rough-

Keywords. Magnetospheric physics (Auroral phenomena; N€SS exponent of self-affine auroral surfaces was reported by

laneous) in the present study by examining Polar UVI images with an

advanced wavelet techniqualyry et al, 2000.

We note that scaling properties in the aurora are often
investigated ignoring their connection with electrodynamic
processes in the magnetospheric plasma that most likely

It has long been known that optical aurora both in quiescenc®fing them to existence. It is well-known that, while the

and under disturbed conditions reveals signatures of scald?rightest aurora is usually associated with substorm events @

. . -+
invariance. This feature was first reported from visual inspec-On the nightside, auroral structures are observed at all MLTS, @

tion of auroral images (e.@guti, 1975 Trondsen and Cog- forming the global-scale auroral ov&lgldstein and Starkoy
ger 1999, Later, scale-free statistics of the aurora was ev-1967. Therefore the electrodynamic processes associated
idenced within frameworks of self-organized criticality and, With the structured aurora can not be specific for substorm

alternatively, of intermittent turbulence that were invoked to iMe only, but should have more common physical ground.
Clearly, they should also manifest in the structured electric

and magnetic fields, and it is very likely that the broad- O
Correspondence tdB. V. Kozelov band extra low frequency (BB ELF) perturbations often ob-
BY (boris.kozelov@gmail.com) served in the auroral ionosphere at frequencies from tenths
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February 7, 2000 Following the approach dfhang et al(2004), we assume
‘ ‘ ‘ ‘ that Alfvénic activity associated with a transition to substorm

expansion is accompanied by the formation of small-scale
Alfv énic coherent structures of magnetostatic type. In this
brief report we are searching for similarity between aurora
scaling behavior at the beginning of substorm expansion and
features of non-linear dynamics of Almic coherent struc-

tures in the lower magnetosphere, which are simulated ac-

1500

AE, nT

‘ : ‘ ‘ ‘ cording to theChang et al(2004 scenario.
9 10 11 12 13 14 UT Further in Sect. 2 we show an example of statistical scaling
behavior exhibited by the aurora at the early breakup stage as
Feb 7, 2000,12:26:06 Feb 7, 2000, 12:38:22 observed by the Polar satellite, present its quantitative char-
' ' T acteristics and temporal evolution. In Sect. 3, by direct nu-
200¢ 2000 4 0 C] merical simulation, temporal evolution of the scaling index
> > ' ' of non-linearly interacting Alfénic coherent structures is ex-
e e amined. In Sect. 4, the results are summarized and discussed
100 100 in the context of previous studies.
0 0 : : 2 Scaling behavior of the aurora at substorm early
0 100 500 0 100 500 expansion as observed by Polar
column column

To give an example of auroral scaling behavior at the early
Fig. 1. (a)Auroral electrojet activity on 7 February 2000. 20-min €Xpansion stage, we use Polar UVl images in LBH-L emis-
time interval starting from the onset of intensificationdt2:27 UT ~ Sion (Torr et al, 199§ with one-pixel resolution of+25km
has been considereth), (c) Samples of Polar UVl images obtained Obtained at the beginning of substorm activation that started
in the time interval of interest. Fluctuations of auroral intensity in on 7 February 2000, at 12:27 UT, as indicated by the AE in-
the columns of outlined regions were analyzed by the technique otlex (Fig. 1a). The images that we treated and which sam-
logscale diagrams. ples are shown in Fig. 1b displayed auroral shapes, which are
common for the beginning of substorm expansion. The parts
of images of 12& 64 pixels size such as those delineated by
rectangulars in Fig. 1b, c were selected for the scaling analy-

; . -sis. The data series to be analyzed were formed by joining the
events of BB ULF-ELF perturbations were found to exhibit .o, mns of each image. Discontinuities in auroral intensity

power law distributions in frequency, scaling properties, non- joint points were eliminated by adding appropriate con-

Gaussian probability density functions, and other signaturegants The smallest scales in the data series obtained in this
of the intermittent turbul.ence (e-gemerin 1978 Kintner et \5nher corresponded to the structures being analyzed. This
al., 200Q Tam et al, 2005 Parkinson200§ Golovchanskaya  netho of data preparation was tested in our previous studies

and Kozeloy 201Q Golovchanskaya et a201]). The phe- (|0ychanskaya et a2008 Kozelov and Golovchanskaya
nomenon of the BBELF turbulence occurs at all local times

(most frequently in the prenoon sector), for any dipole tilt,
in a wide variety of solar wind and geomagnetic conditions

(Matsuo et al.2003 Heppner et a).1993. A predominant a5 geveloped bybry et al. (2000 and is described else-
occurrence of the turbulent fields in the regions of the field-, oo (e.gVoros et al, 2004. Figure 2a shows the logscale
aligned Birkeland currents was demonstratedamjovchan- diagrams (LDs) constructed #bry et al.(2000 method for
skaya et al(2009. Polar UVI images obtained at different times from the time

As shown, e.g. byolwerk et al.(1999 and StasiewiCz  jhterya) that started two minutes prior to the breakup onset
et al. (1998, magnetic perturbations in the events of the and lasted for twenty minutes. LDs plot=log,:, where

BB ELF tur.bhulence.i.ndicafte strong mgl%iscar:e field—laligned wi is the variance of the detail wavelet coefficiedts k) ob-
currents with densities of 10-100pAm whose role in yaineq by the discrete wavelet transform of the data, versus
such phenomena as plasma density cavitatitagiewicz e ootave (or resolution leval) The discrete wavelet trans-

and Potemral998 Chaston et 8].2009, turbulent trans- ¢, js 3 decomposition of the functiof(x) on the orthog-

port in the magnetqsphere-lo.nosphere couplir)gsz@k and onal basigy; ¢ }icz.rez composed of discrete wavelais
Dum, 1983, formation of optical aurora at various scales

(Borovsky, 1993 and others, is generally accepted.

of Hz to ~1 kHz in the spacecraft frame is one of such man-
ifestations. Fluctuating electric and magnetic fields in the

Scaling features of spatial variations in auroral intensity
were detected and quantified by a wavelet method, which
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d(i,k) =fRdx Yir(x) f(x), 1) Feb 7, 2000, 12:26:06 Feb 7, 2000, 12:38:22

/ dx Wik (x) Yir o (x) =0 if (i,k) 5 (i, k) 0 o b m
R

Integersi € Z andk € Z index the scale = A -2/, A being
the smallest resolvable scale in data, and the locatieak - -1t
s. Wavelets{v; 1 }icz kez are space-shifted and scale-dilated
templates of a mother-wavelgt, that is,

o= 06 7 -4:

Ap= 1.44 1

X —X0 1 2 3 4 1 2 3 4
Vik(x) = 1//0( s > 2) octave i octave i
and define a basis distributed according to a dyadic basis in February 7, 2000
the space-scale planB4ubechies1988. The scaling index I ‘ ‘ ‘ ]
a4 is estimated from the slope of the weighted linear regres- 1.5 a c B
sion over the region of alignment in LDs. The uncertainty
limits shown by error bars were estimated with a block boot- 1.01
strap proceduregfron, 1982 Sabatinj 1999. It should be 3 k
noted that the orthogonal bagig; }icz rez Normalized by 05+
Eq. (2) differs from the one used in the original paper by i
Abry et al.(2000, therefore scaling index presented here 0.0t ‘ ‘ ‘ ]
is less by 1 than that estimated with a standard LD method. 12:25 12:30 12:35 12:40 uT
For example, for fractional Brownian motion, here we should
havea s =2H, whereH is the Hurst exponent.

Fig. 2. (a) (b) LDs computed for individual Polar UVI images.

. P On the abscissa axis=1,2,3,4 correspond to scales= 50 km
As seen from Fig. 2a, the LDs computed for individual —o . S L
g P 100 km, 200 km, 400 km(c) Evolution of scaling indext4 with

Polar UVl images tend to reveal alignment over scales in theoreakup progress. The uncertainty limits shown by error bars were

range from 5_0 I§m t.o 400km. Of course, this (_3V|d(_ance for estimated with a block bootstrap procedure for 95 % confidence in-
power law distribution of substorm aurora luminosity over (o q.
scale is not new and for statistical distributions (i.e. in aver-
aging over many events) it has been known since the study
of Uritsky et al.(2002. However, for the purpose of com- expansion is accompanied by the formation of &lic co-
parison with the results of electrodynamic modeling that will herent structures. As distinct from waves, these are non-
be described in Sect. 3, here we focus on the temporal evopropagating fluctuations, which in the lower magnetosphere,
lution of aurora scaling characteristics observed at the earlyvhere strong background magnetic fieRh = Bg - e, is
stage of auroral breakup: the slope of the LDs undergoes @resent (hereinaftesy, ey, e, are unit vectors of the Carte-
characteristic variation. Figure 2c displays the time evolutionsian coordinate system), may take the form of magnetic flux
of scaling indexx4 obtained by processing thirty one image tubes (or field-aligned current filaments). Their 2-D interac-
from the time interval of interest. One can see thawvaries  tion under the influence of Ampere’s force is described by
from values less than one tel.5, increasing with breakup the equations
progress. In other words, if we interpret scaling indexas
as =2H, we have a transition from a noisy anti-persistent gy & d® Lo

. . . N € ) m_ _ e, xB (x(i) 1) ()
(H < 0.5) signal to a smoother persisteif & 0.5) one, in dr m o g oo L27mEm
agreement with a similar result &fritsky et al. (2006 ob-
tained from the a_nalysis of the roughne;s exponent of a”Herex}f) =x’(nﬂ:) .ex+y’§1i) ey is the coordinate and}ni) —
roral surfaces during substorms. Interestinglgzelov and ) ) : '

S " Vm.x - €x + Uy - ey the velocity of current filament (m =

Golovchanskay42006 reported a similar variation of the 1.2,...M) of positive () or negative £) polarity with cur-
scaling index for auroral luminosity observed during intensi- =" P g P Y

fication of a transpolar arc under positive IMF, that is, in rent Qensny]o, anq B = Bin.x-ex+ Buy- ey IS the sglf—
: o consistent magnetic field acting on current filamenat its
obviously non-substorm conditions.

locationx,, = (x,;,yn,) at time¢. For any particular distri-
bution of current filaments, field-aligned curreptx, y,t) at
3 Temporal evolution of the scaling index for non-  the grid points can be calculated, enabling to find the mag-

linearly interacting field-aligned current filaments netic flux functiony(x,y,7) as a solution of the Poisson
equation

Following the approach ofhang et al(2004, we assume
that Alfvénic activity associated with a transition to substorm VJZ_W()C, v,t) = —uojz(x,y,t) 4)
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0 100 200 300 400 500 2 4 6 8 . . .
X octave i example, illustrating such a pattern, was givenGhang et

) al. (2009).
Fig. 3. Distributions in the plane perpendicular By of simu-

lated field-aligned currentg (in relative units) produced by non-
linear interactions of Alfénic coherent structures @) t =0 and 4 Summary
(c) t =304, wheret is normalized byrg =w/§37§8 , Lo the grid
spacing, and the LDs constructed fgrat(b) r = 0 and(d) r = 30.4. Based on the investigation of scaling features in the substorm
Distancest andy are normalized by.g. aurora, presented in Sect. 2 above and in the previous stud-
ies (e.gUritsky et al, 2006 Kozelov and Rypdal007), we
conclude that the involved non-linear interactions between
With v (x, y, ) known, the magnetic field at the grid pointsis scales indicate an inverse energy cascade. In our study this
determined a® (x,y,t) = %—fex - %By, andB,, attheloca-  is shown from examining time evolution of scaling index
tion of current filamentr is obtained by weighed averaging. of auroral fluctuations at the beginning of substorm expan-
Our simulation was performed witli513 x 513 grid sion by Polar imaging observations. An observed character-
points. The number of current filamentg of positive  istic increase in the scaling index can be interpreted as due
(+) and negative {) polarities was the same and equal to to formation of “coarse-grained” transient structures in the
67 x 10°. The boundary problem for Eq. (4), with periodic system near (a bit over) self-organized critical (SOC) state
boundary conditions imposed, was solved with applying a(Uritsky et al, 2002 2006 Kozelov et al, 2004 Klimas et
method of fourth order accuracy. al., 2010. Numerical models of substorm dynamics based on
At ¢t =0, field-aligned current filaments of small magni- the SOC idea have been actively discussed in numerous pa-
tude (~10-8 Am—2) are randomly distributed over the sim- pers Consolinj 1997 Uritsky et al, 2001, Milovanov et al,
ulation region (Fig. 3a), so that the LD constructed for the 2001, Kozelov and Kozelova2002ab,c; Klimas et al, 201Q
field-aligned current density at= 0 is nearly flat (Fig. 3b), Vallieres-Nollet et al.2010. Unfortunately, up to now, no
as for the white noise. At> 0, the non-linear motions and self-consistent theory has been proposed that would entirely
interactions, described by Egs. (3) and (4), lead to clusterdescribe a connection between the observed dynamics of au-
ing of small-scale current filaments of the same polarity androral structures and the processes in the central plasma sheet
formation of “coarse-grained” structures of field-aligned cur- from where substorms are believed to originate.
rents (Fig. 3c) with LDs indicating power-law distributions ~ The magnetospheric substorm has been extensively stud-
over scales (a sample is given in Fig. 3d). The slope of theéied during last decades by ground-based and satellite mea-
LDs grows in time, which is clearly seen from the time evo- surements. While there is some difference in the interpre-
lution of the scaling index,, illustrated in Fig. 4. tations of details of case studies, now a common point of
Here the simulation results are shown for the case of aview is that substorm events are transients in the Earth’s
zero background field-aligned curreritg = 0. Whenjg in magnetosphere-ionosphere system that release energy loaded
the form of a current-sheet is present in the problem, currenin the magnetospheric tail due to the coupling with the solar
filaments of the same polarity ggo migrate to the sheet, wind. It was shown that the tail's central plasma sheet resides
producing a pattern similar to a structured auroral arc. Anin a far from equilibrium turbulent state exhibiting stochastic

Ann. Geophys., 29, 1349354 2011 www.ann-geophys.net/29/1349/2011/
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properties over a broad range of spatial and temporal scales Park, K. and Willinger, W., p. 39, Wiley-Interscience, Hoboken,
(see e.g. surveys bilimas et al, 201Q Stepanova et al. N. J., 2000.

2011). The magnetic reconnection in the distant tail and Borovsky, J. E.: Auroral arc thicknesses as predicted by various
disruption of the cross-tail current in the near-Earth plasma_ theories, J. Geophys. Res., 98, 6101-6138, 1993.

sheet were suggested as the main physical mechanisms &1ang. T.. Tam, S. W. ¥, and Wu, C.: Complexity induced
localized energy release. Any impulsive magnetic field re- gﬂ'sc’tgp'c b|mloldil 'Qtzeg;n'tltgggt%béﬂence in space plasmas,
configurations in the near-Earth magnetosphere in associaé ys. Plasma, 11(4), iy . '

. ith b dl h Tak haston, C. C., Genot, V., Bonnell, J. W., Carlson, C. W., Mc-
tion with a substorm onset would launch At waves. Tak- Fadden, J. P, Ergun, R. E., Strangeway, R. J., Lund, E. J., and

ing into account large amplitudes of the waves reported in Hwang, K. J.: lonospheric erosion by Aéim waves, J. Geophys.
numerous studies, non-linear Afla wave phenomena are  Res., 111, A03206j0i:10.1029/2005JA011362006.

expected. One of them is a formation of Aéfvic coherent  Consolini, G.: Sandpile cellular automata and magnetospheric dy-
structures. Small-scale coherent magnetic structures have namics, in: Proceedings of the 8th GIFCO Conference, Cosmic

been considered in the studies i et al. (1981), Volok- Physics in the Year 2000: Scientific Perspectives and New Instru-

itin and Dubinin(1989, Schep et al(1994), Pegoraro et al. menta_ltion, edited by: Aiello, S., Iuc_ci,_N., Sironi, G., Treves, A.,

(1997. By a direct numerical simulation, we investigated _ and Villante, U., p. 123, Soc. Ital. di Fis., Bologna, Italy, 1997.
Daubechies, |.: Orthonormal bases of compactly supported

scaling properties of non-linearly interacting Aéfivic coher-

ent Strqctures of magnetostatic type, which are C.haraCtenzeEfron, B.: The jackknife, the bootstrap, and other resampling plans,
by scaling indexy,,, and demonstrated that there is a general , . . . . .

. : . . Society for Industrial and Applied Mathematics, Philadelphia,
agreement in the time evolution of the indiees andcw,, . 1982,

To complete this report we note that recenitiy et al.  pegstein, Y. I. and Starkov, G. V.: Dynamics of auroral belt and
(2011 have proposed that the interactions of the small-scale polar geomagnetic disturbances, Planet. Space Sci., 15(4), 209—
flow eddies with the magnetic field in the magnetospheric 229, 1967.
plasma sheet can self-organize into elongated current filaGolovchanskaya, I. V. and Kozelov, B. V.: On the origin of electric
ments and large-scale energy avalanches. A common point turbulence in the polar cap ionosphere, J. Geophys. Res., 115,
in the approach okiu et al. (2011 and that of the present ~ A09321,doi:10.1029/2009JA014632010.
study is an inverse cascade driven by non-linear interaction§olovchanskaya, 1. V., Ostapenko, A. A., and Kozelov, B. V.: Re-
of small-scale features. The formulationlati et al. (2011 ::tr:ggs:rzz ?ﬁéwgfklfgﬁdhg:;a;;-t;gsdelceigtasni n(];agc?pertllcstulgt;us-
. . . . _ i ield-ali u ,J. VS. !
is very suitable f(_)r S|mu!atlon of large sc_:ale_ and mesosqale 111, AL2301d0i:10.1029/2006JA0L 1838006,
processes associated with substorm activations on the mgh& . ; ,

. . olovchanskaya, I. V., Kozelov, B. V., Sergienko, T. |.aABdstdm,
side. On the other hand, the scaling fgatures of auroral gtruc- U., Nilsson, H., and Sandahl, I: Scaling behavior of
tures as well as the BBELF perturbations are observed in the ,yroral luminosity fluctuations observed by Auroral Large
auroral zone in both substorm and non-substorm conditions. |maging System (ALIS), J. Geophys. Res., 113, A10303,

wavelets, Comm. Pure Appl. Math., 41(7), 909—996, 1988.

Therefore, it is more natural to relate them to the Alfic d0i:10.1029/2008JA013212008.
activity accompanied by the formation of the coherent struc-Golovchanskaya, I. V., Kozelov, B. V., Mingalev, O. V., Fedorenko,
tures, as suggested in the present study. &lfe activity is Y. V., and Melnik, M. N.: Magnetic perturbations in the events

especially common in association with instabilities and non-  of broadband ELF turbulence observed by FAST, Geophys. Res.
stationarities in the regions of the Birkeland currents, which  Lett.,doi:10.1029/2011GL04900% press, 2011.

can explain a predominant occurrence of the considered phe¥ePpner. J. P., Liebrecht, M. C., Maynard, N. C., and Pfaff, R. F.:
nomena in such regions. We hope these effects will be ver- High-latitude distribution of plasma waves and spatial irregular-

i . . o ) ities from DE2 alternating current electric field observations, J.
glgfousmg data of future satellite missiondritsky et al, Geophys. Res., 98(A2), 1629-1652, 1993.
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