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Abstract. We present results of statistical analysis of the Tu, 1994 Sorriso-Valvo et al.1999 2001, Burlaga 2001),
transfer of fluctuations in solar wind turbulence. We investi- which is related to multifractalityBurlaga 1991, Marsch
gate the dynamics of the slow solar wind using an approactet al, 1996 Macek and SzczepaniakR008. In fact, the
based on the Markov processes theory and experimental dasolar wind provides a unique laboratory for studying high-
measured by ACE spacecraft. In particular, we test whetheReynolds-number magnetohydrodynamic turbulence (see,
the Chapman-Kolmogorov equation is approximately sat-e.g.,Goldstein et al(1995; Bruno and Carbon&005 for
isfied for the turbulent cascade. We consider the follow-review).

ing cases of transfer of fluctuations: magnetic-to-magnetic, Recently, a great deal of attention has been devoted to
velocity-to-velocity, velocity-to-magnetic, and magnetic-to- investigations of the fluctuations in hydrodynamic turbu-
velocity. In all these cases, the obtained results confirm localence from the point of view of the theory of Markov pro-
character of the transfer of fluctuations. cesses (see, e.(Redrizzetti and Novikav1994 Friedrich

and Peinke1997ab; Davoudi and Tabad 999 Renner et a.
20017). In particular, results of the verification of the validity
of the Chapman-Kolmogorov equation as well as the esti-
mation of the Kramers-Moyal coefficients from experimen-

In the plasma flow expanding from the Sun into the inter- @l data suggest that the Markov processes approach may be
planetary space we can distinguish several forms, in partic@PPropriate to the description and modeling of the turbulent
ular the slow €450 km/s) and fast(600 km/s) solar wind ~ ¢ascadeRriedrich and Peinkd 997ab; Renner et a).2001).

(see, e.g.Schwenn(199Q 2006 and references therein). The estimation of the Kramers-Moyal coefficients allows to
The fast wind is more homogeneous and incompressible ifi€términe the form of the Fokker-Planck equation govern-
comparison with the slow wind, but both types of the solar N9 the evolution of the probability distribution with scale for
wind are quite variable in space and time. In fact, irregularthe fluctuations. A model based on the Fokker-Planck equa-
dynamics of the solar wind plasma exhibits many similar- tion has been recently proposed for solar wind turbulence,
ities to fully developed hydrodynamic turbulence. Numer- but only for fluctuations of quantities that exhibit self-similar
ous in situ measurements of temporal variability of parame—sc"j‘“ng_(‘Inat etal, 2003.

ters of the plasma have shown that their spectral distributions In this paper we use the approach based on the Markov
usually have power-law charactddtthaeus and Goldstein  Processes theory to examine the character of the transfer
1982 Goldstein et al.1995 Tu and Marsch1995 Gold- of fluctuations between different scales in solar wind turbu-
stein and Rober1999. Investigations of the fluctuations lence. In particular, we analyze whether this transfer is local
have also revealed that the shape of their probability distri-Or nonlocal. The notion of locality used in this paper does
butions changes from Gaussian at large scales to strongl9ot refer to locality in physical space. Here we use the words
non-Gaussian (heavy_ta”ed) at small Sca|e3, which is Comi‘localﬂ and “nonlocal” in terms of the scales involved in in-

monly attributed to intermittency phenomendviafsch and  teractions leading to the turbulent cascade. If the interaction
involves scales (eddies) of similar size it is local, otherwise

it is nonlocal. The question of locality of the energy transfer

Correspondence tavl. Strumik is of some interest, e.g., in the studies of dynamo mechanism
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(maro@cbk.waw.pl) to generate magnetic fields in astrophysical objects, where
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nonlocal processes of the generation of large-scale fields bghould bear in mind that we analyze highly supersonic and
small-scale helicities in helical MHD turbulence are studied super-Alf\enic flow (mean velocityy of about 400 km/s in

in details (see, e.g., Sect. 6.2.1 &iskamp 2003. This the reference system moving with the measuring instrument).
question is also important for modeling MHD flows and nu- Hence physically the measured temporal scales are rather re-
merical simulations. For example, this is essential in large-lated to spatial scales. Assuming that the Taylor hypothesis
eddy simulations, where low-pass filtering with respect to ais satisfied here, one can easily transform the temporal scale
cutoff wave number requires some assumptions concerning to the spatial scaléusing the relationship=Ut (Frisch

the transfer of energy around the cutoff wavenumber. Locall995. However, in general it is not possible to distinguish
and nonlocal transfer mechanisms can be distinguished ibetween temporal and spatial variations in the case of one-
theoretical studies of turbulence by shell models or numerpoint measurements of plasma parameters, as it is for the
ical simulations (see, e.gAlexakis et al, 2005 Debliguy = ACE spacecratft.

et al, 2005 Mininni et al, 2005 Verma et al. 2009, but it

is difficult to study the property of turbulence directly using

experimental data. Here we argue that a method of statisti-3 Markov processes approach
cal analysis based on the Markov processes theory provide\ﬁ,e
a tool that allows to distinguish between local and nonlocal

tra_?ﬁf er mech.anlsms !n adn exFe”nmen':al ;let;ano(r;. i We consider the fluctuations as a stochastic process in scale,
IS paper s organized as 1oflows. In we describe i.e., we assume that a turbulent cascade is responsible for the

data set used for analysis. Then we present the Iv!arkmfransfer of a fluctuatiow; at the largest (energy-containing)
processes approach (Se8).and its physical interpretation scaler; to a fluctuationy;_; at a smaller scale;_;, then

(Sect.4). In Sect.5 we present results of our analysis, which the fluctuationr,_; at the scaler;_; to a fluctuationy;_»

are then discussed and summarized in Sict. at a scaler;_», and so forth till dissipation scale is reached.
Using the joint probability densityP (x1, 1; x2, t2) Of
finding the fluctuationsc; at a scaler; and x; at a scale
72, Wheret; < 12, we can define the conditional p.d.f. as
P (x1, T1|x2, T2)=P(x1, T1; X2, 72)/ P (x2, 72). By analogy
%o the definition of the two-point probability distributions,

investigate  here  statistics of  fluctuations
x(t)=X(t+1)—X (¢) of a physical quantity (¢) at a scale .

2 Data set

We analyze the measurements of the magnitudes of the pr
;%r;fgcnsa\;telf?g:;y 1%”;9 T:gzr:)%téc flliloih?:tsg'peec: 53; t?fcicgnone can define the joint and conditional probability densities
the slow solar wind, and the data set contains measuremenITg ' lon?er Se?#?ﬁgizsoé g?gt:/la;'ﬁg% x?ozse):ss .bat oslgfil:]eitsion
from interleaved streams of the slow and fast solar wind. -t *2 3 - - P e

Therefore, from all the data available we have chosen subinEhe following condition must be satisfied

tervals of the length of two days or more, where the aver-P (x1, T1lx2, 72; .. .; XN, Tn) = P(x1, T1lx2, 72), (1)
age bulk velocity of the solar wind is never above 450 Km/s.ihus the N-point joint probability distribution function
Since the magnetic field data are provided at time resolutiortp.d_f_) P(x1, T1; X2, T2, - . . XN, Ty) IS determined by

of 16 s, they are linearly interpolated to the grid of time reso-he product of conditional probabilitieR(x;_1, 7;_1/x;, ©),
lution of 64 s, which is used for the velocity data. We use the\yhere ;_; <7;. For a finite set of experimental data, the
linear interpolation instead of decimating the magnetic field \jarkoy property can be verified by comparison of a con-
data because in the case of ACE spacecraft some slight shifigtional p.d.f. Pe(x1, 71lx2, 72) evaluated directly from data

of time grid occur sometimes. The linear interpolation allows ith the p.d.f. computed using the Chapman-Kolmogorov
us to shift safely the time grid for the magnetic field data to equation

the time grid for the velocity data. The data set analyzed here
consists of about fomeasurements obtained in the ecliptic P(x1;071|x2’ ) =
plane in the proximity of L1 libration point at radial distance _ / P(xy, talx’, T)P(x', 7' |xa, T2)dx, )
from the Sun of 0.99 AU. —0
Further we consider fluctuations of the magnetic field de-\yherer; <1’ <7, (see Figs1 or 2 for illustration).

fined asb(1)=B(t+7)—B(t), where B(¢) is the magnitude Equation @) is a necessary condition for a stochastic pro-
of the magnetic field measured by the MAG instrument of cess to be Markovian. The Chapman-Kolmogorov equa-

the ACE spacecraftymith et al. 199§. Similarly, fluctu-  tjon can be written in a differential form using the so-called
ations of the magnitude of the bulk velocity of plasma are Kramers-Moyal expansion

defined asv(r)=V (t+1)—V (¢), whereV (¢) is the magni- 9P (x. T|x0. 0)

tude of the velocity measured by the SWEPAM instrument -1 ————— " =

(McComas et a).1998. Presenting our results we use here ~ ot .

temporal scales and do not recast the fluctuations into the_ Z (_i) D® (x, 1) P(x, T|x0, T0). 3)
ax

space domain using the Taylor hypothesis. However, one =

Nonlin. Processes Geophys., 15, 6673 2008 www.nonlin-processes-geophys.net/15/607/2008/



M. Strumik and W. M. Macek: Statistical analysis of solar wind turbulence 609

10

40

30
20 fo
0

by [nT]
vy [km/s]

110 &

40 30 20 -10 0 10 20 30 40
v, [km/s]

Fig. 1. Contour plots illustrating verification of the Chapman- Fig. 2. Contour plots illustrating verification of the Chapman-
Kolmogorov equation for magnetic field fluctuations. Solid lines Kolmogorov equation for velocity fluctuations.  Solid lines
represent the conditional p.d.Pg(b1, t1|b2, T2) evaluated di-  represent the conditional p.d.®Pg(vq, t1|vp, T2) evaluated di-
rectly from data, whereas dashed lines show the conditionakectly from data, whereas dashed lines show the conditional
p.d.f. P(b1, 11lbp, 72) computed using Eq.2f. The subse- p.d.f. P(vy, r1|vp, 2) computed using Eq.2J. The subse-
quent isolines correspond to the following levels of the p.d.f.: quent isolines correspond to the following levels of the p.d.f.:
0.05,0.02,0.005,0.001 (from the middle of the plot). 0.05,0.02,0.005,0.001 (from the middle of the plot).

Kramers-Moyal coefficient®® (x, r) can be evaluated by which determines the evolution of the probability distribu-
the limit A7— 0 of the conditional moment&®) (x, r, A7), tion function of a stochastic process with scaléTherefore,
namely by estimating the coefficien®8? (x, r) andD®@ (x, ) from
experimental data, one should be able to model experimen-
tally observed collapse of the probability distribution of fluc-
tuations with changing scale for a turbulent cascade.

DY (x,7) = lim M®P(x,z, A7) (4)
At1—0

and

M® AT) = ) )
&, 7, AT) 4 Physical consequences of Markovian character of tur-
T

o0
/ ' —x)* P, ' |x, T)dy/, (5) bulence
AT J_~

k!
If Eq. (2) is satisfied, then the transition probability from
scalet, to t1 can be divided into transitions from to ¢’
and then fromx’ to ;1. Therefore, in the case of a turbulent
cascade, the fulfillment of the Chapman-Kolmogorov equa-
tion for all triplets 1 <7’ <77 in the inertial range suggests
the presence of a local transfer mechanism in the cascade.
. . e If we consider fluctuations in time domain, it means that the
sible to estimate the Kramers-Moyal coefficients from ex- . . )

transfer process is local in scale. However, if the root-mean-

perimental data. In particular, if the estimated coefficient . . )
D®(x. ) vanishes, then according to the Pawula theorem:Sauare of the velocity fluctuations is small as compared to

D® (x. 7)=0 for k>3 (Risken 1989. In this case, starting the mean velocity of the flow (Taylor’s hypothesis), temporal

from Eq. @) we arrive at the Fokker-Planck equation vgrlatlons at.a fixed position are mterp'reted as spatial vari-
ations. In this case, the local transfer in scale can be inter-

where At=7—1’. In comparison with the definition used
by Risken(1989, the conditional moments given in Edp)(
and the resulting Kramers-Moyal coefficients in E4). &re
multiplied by =, which is equivalent to a logarithmic length
scale Renner et a).2001).

As shown byFriedrich and Peinké1997ab), it is pos-

IP(x,7) preted as directly related to the local transfer in wave vector
- ar space.
aDD(x, 1)  92D@(x, 1) Typlcally, in MHD turbulence we 0b§erye strong |nter.—
=|- 5 + ox2 P(x, 1), (6) actions between velocity and magnetic field modes, giv-
* . ing input to the transfer of energy between these quantities.

These interactions should be seen as a statistical dependence
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Fig. 3. \erification of the Chapman-Kolmogorov Eq2)(

for magnetic field fluctuations. Comparison of cuts through
Pe(b1, 11]b2, T2) (points) andP (b1, t1]b2, t2) (lines) from Fig.1
are shown for fixed values @b, namelybo=—2 nT (on the left),
bp=0 nT (in the middle), ané>=2 nT (on the right).
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Fig. 4. Verification of the Chapman-Kolmogorov ER)(for ve-
locity fluctuations. Comparison of cuts throudig (v1, t1|v2, 72)
(points) andP (v1, t1|v2, t2) (lines) from Fig.2 are shown for fixed
values ofvy, namelyvo=—10km/s (on the left)y,=0 km/s (in the
middle), andvp=10 km/s (on the right).

between fluctuations of the magnetic fiél@d) and velocity
v(t). In Eg. @) we assume that the transfer of fluctuations is
related to the same quantityfor all three scales;, t/, 1.

To take into account transfer of fluctuations between differen
guantities, we propose the following modification of E2). (

P(x1, 11]y2, 72) =
o0
- /.

By analogy with Eq. 2), Eq. (7) should allow to examine

P(x1, taly’, TP, T'ly2, T2)dy’. (7)

t
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Fig. 5. Contour plots illustrating verification of the mod-
ified Chapman-Kolmogorov equation for velocity-to-magnetic
transfer of fluctuations. Solid lines represent the conditional
p.d.f. Pg(bq, 11|vp, T2) evaluated directly from data, whereas
dashed lines show the conditional p.d?fb1, t1|v2, T2) computed
using Eq. 7). The subsequent isolines correspond to the following
levels of the p.d.f.: 0.05,0.02,0.005,0.001 (from the middle of the

plot).

have checked these two definitions in our computations and
they generate very similar results, thus further in our paper
we present only results obtained from Eg).

5 Results

In Figs.1 and2 we show superposed contour plots of the con-
ditional p.d.f. estimated directly from data (solid lines) and
the p.d.f. computed using ER)((dashed lines) fot;=64,
7'=128, andr,=192 seconds. The plots have been obtained
for magnetic-to-magnetic and velocity-to-velocity transfer of
fluctuations, correspondingly. In Fig3.and4 we addition-
ally show cuts through the conditional probability distribu-
tions shown in Figsl and2 for fixed values ofb, and vy,
respectively.

In Figs.5 and6 we present superposed contour plots of the
conditional p.d.f. estimated directly from data (solid lines)
and the p.d.f. computed using Ed) ((dashed lines) for

whether the transfer of fluctuations between the two quanti-t1=64, t'=128, andr,=192 seconds. The plots have been

tiesy andx has local or nonlocal character. Namely, if the
conditional p.d.f.Pe(x1, t1|y2, T2) evaluated directly from
data overlaps with the p.d.f. computed from Eg, (hen the

obtained for velocity-to-magnetic and magnetic-to-velocity
transfer of fluctuations, correspondingly. In Figsand 8
we additionally show cuts through the conditional probabil-

transfer of fluctuations can be subdivided into smaller stepsty distributions shown in Figs and6 for fixed values ofv,
and one can infer that the transfer has local character in scal@andb,, respectively.

Instead of Eqg. ) one could use a definition containing
[ P(x1, ralx, T)P(x’, T'|y2, T2)dx’, where the quantity
for intermediate scale is different from that in E@).( We

Nonlin. Processes Geophys., 15, 6673 2008

One can see that corresponding contour lines for the ex-
perimental and computed probability distributions are very
close to each other in the central part of Figjs2, 5, and
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Fig. 7. Verification of the modified Chapman-Kolmogorov Ea@) (
for velocity-to-magnetic transfer of fluctuations. Comparison of
cuts throughPg (b1, t1|v2, 2) (points) andP (b1, t1|v2, T2) (lines)
from Fig.5 are shown for fixed values @b, namelyvo=—10km/s
(on the left),vo=0kml/s (in the middle), and>=10km/s (on the
right).

by=-2.0 [nT] b,=0 [n1T] b,=2.0[T]

Fig. 6. Contour plots illustrating verification of the mod- 10°
ified Chapman-Kolmogorov equation for magnetic-to-velocity
transfer of fluctuations. Solid lines represent the conditional o
p.d.f. Pe(vy, 11lbp, 72) evaluated directly from data, whereas &
o

dashed lines show the conditional p.d?fv1, 1|2, t2) computed 102

using Eq. 7). The subsequent isolines correspond to the following o \ P

levels of the p.d.f.: 0.05,0.02,0.005,0.001 (from the middle of the 108 . —f+ 2\ e SE %2
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6. In t,he periphery of the plots there are St.rong irregl..JIarit'iesFig' 8. Verification of the modified Chapman-Kolmogorov E@) (
resulting from _sma_ll n_umt_)er of counts durlng_t_he estimationo magnetic-to-velocity transfer of fluctuations. Comparison of
of the probability distributions, thus direct verification of the cyts throughPe(vy, 1112, 72) (points) andP (v1, t1]b, ) (lines)
applicability of Egs. 2) or (7) is not possible in this region.  from Fig. 6 are shown for fixed values &, namelybo=—2 nT (on

In Figs. 3, 4, 7, and8 points representing cuts through ex- the left),b,=0 nT (in the middle), and,=2 nT (on the right).
perimental p.d.f. fit rather well the lines representing cuts

through computed p.d.f. The obtained results indicate that

the Chapman-Kolmogorov Eq2) (or its modified version In isotropic hydrodynamical turbulence larger eddies only
(7), where appropriate) is (at least approximately) satisfiegadvect smaller eddies without altering their scale signifi-

for the range of scales from=64 to1,=192 s, for all of the ~ cantly, thus mainly interactions between eddies of similar
examined transfers of fluctuations. size give input to the energy cascade. Therefore, the as-

sumption of the locality of the energy transfer in wave vec-

tor space is well justified, although some details are still not
6 Conclusions understood completely (see, e.ishida et al, 1999. On

the contrary, the question of locality of the energy transfer in
Our results suggest that the Chapman-Kolmogorov BYi. (' \yp turbulence is much less understood and more compli-
(or its modified version'q), where appropriate) is approxi- - a1eq hecause of strong influence of the mean magnetic field
mately satisfied for the smallest scales available for testing), plasma dynamics. According to the classical Iroshnikov-
here (tens or hundreds of seconds). In fact we have repeatqgraichnan picture, taking into account the Adv effect,
the computatlon_s also for larger scales (the results are nqfe ghoy|g expect nonlocal influence of large-scale magnetic
shown here) verifying that the Chapman-Kolmogorov equa-gg|q on small-scale turbulent eddies, and so also nonlocal
tion is satisfied for scales up to about twenty hours. Thereinteractions between modeBduquet et al.1976 Biskamp
fore, our results show that the Markov processes approacBgggy However, results of recent numerical simulations sug-
can be applied to the description of the turbulent cascade iyey that Iocal transfer mechanisms dominate in MHD turbu-
slow solar wind turbulence. These results confirm the univerjo .o Debliquy et al, 2005 Alexakis et al, 2005 Mininni
sality of the statistical approach to the description of a turbu-,; al, 2005.
lent cascade proposed Byiedrich and Peink&l997ab) and
based on the Markov processes theory.
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