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Abstract. We consider nonuniform energy transfer rate for flow (Lesieur 1990 Borgas 1992 Goldstein and Roberts
solar wind turbulence depending on the solar cycle activ-1999, in particular,-model §risch et al. 1978 and ran-

ity. To achieve this purpose we determine the generalizedlom g-model Benzi et al, 1984. Moreover, due to mul-
dimensions and singularity spectra for the experimental datdifractal models, e.g.p-model (Meneveau and Sreenivasan
of the solar wind measured in situ by Advanced Composi-1987), She-Leveque modebSpe and Levequd 994, we can
tion Explorer spacecraft during solar maximum (2001) andlook inside complex nature of intermittent turbulentéaf-
minimum (2006) at 1 AU. By determining the asymmetric delbrot 1989. Using generalized dimensions and singular-
singularity spectra we confirm the multifractal nature of dif- ity spectra allow us a better description of energy turbulence
ferent states of the solar wind. Moreover, for explanationcascade and the degree of multifractality in the solar wind
of this asymmetry we propose a generalization of the usuaplasma fMeneveau and Sreenivasd®97). It is well known
so-calledp-model, which involves eddies of different sizes that multifractal nature of solar wind has been observed in
for the turbulent cascade. Naturally, this generalization takeshe inner heliosphereMarsch et al. 1996 Macek 1998

into account two different scaling parameters for sizes of ed2002 2003 2006 2007 Macek et al. 2005 Macek and
dies and one probability measure parameter, describing hozczepaniak20083, and in the outer heliospherB(rlaga

the energy is transferred to smaller eddies. We show that th&991agb,c, 2004 Burlaga et al. 1993 2003, also at var-
proposed model properly describes multifractality of the so-ious phases of the solar cyclBuyrlaga 2001, Burlaga et

lar wind plasma. al., 1993 and various heliographic latitudesi¢rbury and
Balogh 1997. However, the multifractal singularity spec-
trum obtained for the solar wind data has an asymmetric
shape and shows a substantial departure from the standard
p-model Burlaga 1993 Macek 2007 Macek and Szczepa-

The solar wind is a an example of turbulent and intermit- hiak, 20083. The nature of this departure is still unex-

tent astrophysical plasmB(riaga 1991a 1992ab; Marsch plained. The_refore, t_he main aim of th.is work i; model@ng
1991 Carbone 1993 Marsch and Liu 1993 Marsch and and explanation of this asymmetry. This paper is organized

Tu, 1997 Sorriso-Valvo et al.2001; Biskamp 2003 Bruno as follows. In Sect. 2 we i_ntroduced Qata_ collection take_n and
et al, 2003. For this highly nonlinear system the energy meth_ods us_ed for analysis. (_3enera||zat|on of Rmodel is

at a given scale is not evenly distributed in space and WeconS|de_red N Sect.. 3. S_ect!ons 4 and 5 present results and
can observe how fluctuating parameters affected by inter-concIUSIOnS of our investigations.
mittency alternate between burst of activity and quiescence.

Therefore, based on Richardson’s cascade and Kolmogorov's

ideas Kolmogoroy, 1941, 1962, followed by Kraichnan 2 Data and methods

(1965, several classes of models have been developed to

describe nonuniform distribution of energy in the turbulent Using Helios 2 data3chwenn1990 we have demonstrated
that intermittent pulses are stronger for asymmetric scaling

and a much better agreement with the data is obtained, es-

Correspondence taV. M. Macek pecially for the negative index of the generalized dimensions
BY

(macek@cbk.waw.pl) (Macek and SzczepaniaR008a. In this paper we consider

1 Introduction
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Fig. 1. Energy transfer rate for solar wind turbulence as a multifrac- 1072 k d
tal measure fofa) solar minimum (2006) an¢b) solar maximum & 2 E
(2001), correspondingly. a
107%F E
E o S
. . . S OOW ! $
changes of the multifractality of the energy transfer rate in 107*L  @o® :

. . .. 3 O O 1 X O W3O G
the solar wind turbulence with the solar cycle activity. For o o000 @ ! © 60D D>
this purpose we use two-years samples (2001 and 2006) of ,,-s| 1 / 1
the _v_eIOC|ty parameter measureql in situ by Advanced Co_m- 15 —10 _5 0 5 10 15
position Explorer (ACE). These intervals are representative su(t)/o

for a broad range of the solar wind conditions, in particu-
lar, we take into account both slow and fast wind streams
and changes during the solar activity cycle. Our data of theFig. 2. Probability density functions of fluctuations of the solar
resolution of 64 s have been obtained at about 1 AU in GSEwind radial velocity for(a) solar minimum (2006) angb) solar
system, near Lagrangian pointk). For these data under maximum (2001), correspondingly=64s, as compared with the
study we apply multifractal formalism, which is one of the normal distribution (dashed lines).
most adequate method for describing local scaling properties
of energy transfer rate in nonhomogeneous turbulence. ] . o

There are several techniques to evaluate the multifractal!V=2", With n=18, data points for (a) solar minimum (2006)
ity and to obtain the generalized dimensiokeftschel and and (b) solar maximum (2001), correspondingly. One can
Procaccial983 or multifractal spectraHalsey et al.1986). notice that |n_term|tten'§ pulses are somewhat stronger for d_ata
Some methods are based on the calculations of the scalin%t solar maximum. This results in fatter tails of the probabil-
exponents of structure functionsriselmet et a].1984, and 1ty distribution functions as shown in Fig, for solar max-
are related to the generalized dimensi@ns(Frisch 1995 imum ar_1d minimum ywth large deviations from the normal
Tsang et al.2005. It is also possible to obtain the mul- distribution (dashed lines).
tifractal spectrum directly from dat<Cphabra and Jensen  In the next step we identify the inertial rangexi <L,
1989 Here, we construct the transfer rate of the energyWhereT] is the diSSipation scale ardis the size of the whole
flux as a multifractal measure and consider its scaling propSystem. Calculation of this range is essential, because it pro-
erties. Namely, to eactth eddy of size atnth cascade step vides information as to whether turbulence is fully developed

(i=1, ...N=2") we associate a probability measure and the energy cascade is actually pres8otiiso-Valvo et
al., 2007. This may indicate that in fact we can have a fully

&i(l) (1) developed turbulence during solar maximum. One can there-
SN &) fore expect that in this case the distribution of the energy
between cascading eddies is more inhomogeneous, and con-
where g; () ~|u(x+)—u(x)|3/1 (Marsch et al. 1996. In sequently the behaviour of intermittent pulses are stronger
Fig. 1 we show the multifractal measure obtained usingfor solar maximum, Figl. We identify the inertial range

pi) =
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Fig. 3. The measured third and fourth orders scaling exporB)s
andé(4) as indicators of the inertial rang€&rbong1994).
3 Asymmetric model

by considering t.he scale dependence of the usual third ang generalized two-scale Cantor set, which is a combina-
fourth orders caling exponen$3) ands (4) (Carbonel1994  tjon of asymmetric and weighted Cantor set, is a theoreti-
Horbury et al, 1997 Horbury and Baloghl997). Theresults ¢4 ground for the cascade modelaisey et al. 1986 Ott,
based on the experimental values are presented iBFWlfe 1993, In general, at each step of the cascade construction
see that the scaling range is much clearer and wider for solage yse two different scaldg and!; for the segment gener-
maximum. N 1 ated at each level, and two different, in general, weigpts,
Next, we analyse the log-log ploty_;" p{ ())]7-* versus  and 1-p. Forli=l=} one recovers the standapdmodel
I for different steps ) of the cascade. The slopes of this (Meneveau and Sreenivasd987) resulting in a symmetric
curves correspond to the generalized dimensidys(Men-  shape of the multifractal singularity spectrum function. Di-
eveau and Sreenivasab99]). The multifractal measure rect relation betweeg and D, for the proposed model is
u=¢/ {er) on the unit interval for several steps of the con- obtained from the following transcendental equation:
struction of the generalizeg-model is presented in Fig.

As usual the generalized dimensions are defined by pqlil—q)pq L - p)qlél—q)Dq _1 )
b —pim L 10935 D) X
q = lino -1 log! ) IMacek, W. M. and Szczepaniak, A.. Asymmetric multifrac-

tal scaling of solar wind turbulence, J. Geophys. Res., submitted,
To obtain multifractal spectra we use the methods describe@008b.
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Fig. 5. The generalized dimensiom, for the energy transfer rate
in the solar wind turbulence &&) solar minimum (2006) an¢b)
solar maximum (2001), correspondingly.

We also consider the degree of multifractality=
amax—min, Which is given byHalsey et al(1989:

_|logd —p) log(p)

A=D_o — Dy = 5
* © logls logly ®)
and the degree of asymmetry:
A= oo — Olmin’ (6)
Omax — @0

where the singularity spectrum has its maximyfifig)=1
(Ott, 1993 Macek and Szczepaniak, 2008b

4 Results

The results for the generalized dimensidng as a function
of ¢, calculated from Eq.2) using the ACE data and com-
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Fig. 6. The multifractal spectrunf («) for the energy transfer rate
in the solar wind turbulence &&) solar minimum (2006) an¢b)
solar maximum (2001), correspondingly.

pared with those obtained from Ed}) for solar wind turbu-
lence at 1 AU during solar minimum (2006) and solar maxi-
mum (2001) are presented in Figa and b, correspondingly
(cf. Macek and SzczepaniaR008a Fig. 3). The related sin-
gularity spectraf («) as a function of singularity strength
are depicted in the corresponding Fég. and b (cf. Macek
and Szczepaniak, 2008bFig. 7). In particular, in agree-
ment with other studies, we confirm the universal shape of
the multifractal spectrum as noticed, e.g.,Bayrlaga(2001).
Since the Cantor set is sensitive to initial conditions the mul-
tifractal spectrum for intermittent turbulence can be naturally
related to the Lyapunov spectrum as discusse@ltign et al.
(20089.

We have also calculated the degree of multifractatity
given in Eg. 6), which is equal to 1.75 for solar maximum
and 1.62 for solar minimum. Hence we observe that the solar
wind is multifractal during the whole solar cycle. It is worth

www.nonlin-processes-geophys.net/15/615/2008/
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Benzi, R., Paladin, G., Vulpiani, A., and Parisi, G.: On the multi-
fractal nature of fully developed turbulence and chaotic systems,
J. Phys. A, 17, 3521-3531, 1984.

Table 1. Degree of multifractalityA and asymmetnA.

A A Biskamp, D.: Magnetohydrodynamic Turbulence, Cambridge,
Solar Minimum 162 130 Cambridge University Press, 2003.
Solar Maximum 175 137 Borgas, M. S.: A comparison of intermittency models in turbulence,

Phys. Fluids A, 4, 2055-2061, 1992.
Bruno, R., Carbone, V., and Sorriso-Valvo, L.: Radial evolution of
solar wind intermittency in the inner heliosphere, J. Geoophys.
noting that the shape of the multifractal singularity spectrum Res., 108, 1130, doi:10.1029/2002JA009615, 2003.
is rather asymmetric, which cannot be explained by the usuaBurlaga, L. F.: Intermittent turbulence in the solar wind, J. Geophys.
p-model, which involves only a one-scale Cantor set. The Res., 96,5847-5851, 1991a.
actual degree of asymmetry defined in Eq. §) is of about ~ Burlaga, L. F.: Multifractal structure of the interplanetary magnetic

1.3 for both solar minimum and maximum, as summarized field: Voyager 2 observations near 25 AU, 1987—-1988, Geophys.
in Table 1 Res. Lett., 18, 6972, 1991b.

Burlaga, L. F.: Multifractal structure of speed fluctuations in re-
current streams at 1 AU and near 6 AU, Geophys. Res. Lett., 18,
1651-1654, 1991c.
5 Conclusions Burlaga, L. F.: Multifractal structure of the magnetic field and
plasma in recurrent streams at 1 AU, J. Geophys. Res., 97, 4283—
We have studied the inhomogeneous rate of the transfer of 4293, 1992a.
the energy flux indicating multifractal and intermittent be- Burlaga, L. F.: Multifractals in the solar wind, in: Solar Wind
haviour of solar wind turbulence in the inner heliosphere. In ~ Seven, edited by: Marsch, E. and Schwenn, R., Proceedings of
particular, we have demonstrated that for the model with two e 3rd COSPAR Colloquium, Goslar, Germany, 16-20 Septem-
different scaling parameters a much better agreement with t;?éslggé;(]%%szggl?z(;olloqma Series, vol. 3, 429-432, Pergamon
_the real data is obtained, especially {o£0. By Investlg_a_t- . Burlaga, L. F.: Intermittent turbulence in large-scale velocity fluc-
ing the ACE data we have shown that as the solar actlylty iN- " tyations at 1AU near solar maximum, J. Geophys. Res., 98,
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and more asymmetric. Admittedly, it seems that the degreesurlaga, L. F.: Lognormal and multifractal distributions of the he-
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ples is rather weakly correlated with the phase of the solar doi:10.1029/2000JA000107, 2001.

activity. The dependence for slow and fast streams is thorBurlaga, L. F.: Multifractal structure of the large-scale heliospheric

oughly studied in another paper by Macek and Szczepaniak Magnetic field strength fluctuations near 85AU, Nonlin. Pro-
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