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Abstract. Using Cluster multipoint magnetic and plasma a full statistical description of fluctuations in case of turbu-
measurements we analyze the spatial structure of plasmignce. Turbulent motions are common in the plasma sheet
flow-associated turbulence on 26 September 2005. The for(Borovsky and Funster2003. For example, bursty bulk
tunate relative configuration of the spacecraft and the plasm#low associated magnetic fluctuations exhibit multi-scale fea-
flow allowed for the first time to compare the scale evolution tures and non-Gaussian statistics typical for turbulent flows
of statistical moments both at the boundary and in the centra(V6ros et al, 2003 20043. The frequent occurrence of fluc-
part of the flow at the same time. The simultaneous increaséuations or turbulence in the plasma sheet substantiates a sta-
of skewness and kurtosis at the boundary of the plasma flowistical approach including the estimation of experimentally
over the time scale of seconds provides evidence for the exaccessible statistical moments.
istence of nonlocal coupling in flow-associated turbulence in  In this paper higher order statistical properties of flow-
the Earth’s plasma sheet. associated magnetic fluctuations will be investigated. First,
we introduce the basic concepts of gradient-related non-
universal scalings in turbulence. Then we demonstrate
that large-scale gradients, which are inevitably present near
plasma flow boundaries, have a clear impact on the small-
scale statistics in turbulence. It is known that boundaries af-
1 Introduction fect higher-order statistical moments estimated from wavelet
coefficients of magnetic data in the Earth’s plasma sheet
The average properties of magnetic field and plasma withir(V0ros et al. 2004h. However, the experimental signa-
the quiet plasma sheet depend on the radial distance from thiélres of scalar/vector gradients associated anisotropy, inter-
Earth, on the position relative to the neutral sheet, and alsdnittency or direct cross-scale coupling in the Earth's plasma
vary toward the dawn/dusk flankBgumjohann1993 Tsy- sheet were not studied. Here, using standard procedures
ganenko and Mukai2003. This indicates that large-scale (Press eta]1992), we will directly estimate the third (skew-
gradients of certain quantities exist persistently along and€sss) and the fourth (kurtosisy) statistical moments from
across the Earth’s magnetotail. magnetic measurements.
The whole plasma sheet undergoes significant changes
during active times, especially during substorm intervals
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(7]
(Baumjohann1993. The average plasma parameters and2 Anisotropy and intermittency in turbulence Qo
the amplitudes of both magnetic field and velocity fluctu- ®
ations vary with the level of geomagnetic activity. Previ- Recent experimental results supported by numerical sim- .2
ous studies indicate that the amplitude of fluctuations doegllations indicate that small-scale anisotropy and intermit- 5
not depend on the down-tail distance, nor on the distancdency in hydrodynamic turbulence can appear simultaneously &

from the neutral sheetNeagu et al.2002. However, nei- as a consequence of specific large-scale characteristics of
ther the amplitude nor the spectral characteristics can provid@ flow. In particular, large-scale passive scalar gradients

o

(e.g. temperature gradients) imposed on a turbulent velocity O

Correspondence taZ. Voros field induce anisotropic and intermittent fluctuations of the ©
(zoltan.voeroes@oeaw.ac.at) small-scale scalar field&\@rhaft 2002. Accordingly, the 8
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September 26, 2005 local and nonlocal interactions entails different manners of
pode ‘ ‘ . energy redistribution in turbulence.
T Magnetohydrodynamic (MHD) turbulence, however, dif-
fers in many aspects from the hydrodynamic c&eito and
Imm Carbone 2005. Yet, Bershadskii and Sreenivas§®004

have shown that in MHD flows the magnitude of the mag-
netic fluctuations resembles dynamical properties of passive

M scalars in hydrodynamics. Furthermox&ros et al.(2006
| ‘ ; | have shown that large-scale boundaries and/or scalar gradi-

B, 2x\C2 A»W' 1M ent fields imposed on solar wind turbulence can lead to a
9By 0 1 simultaneous increase of small-scale skewness and kurtosis,
v, o F ca ! ! ‘ satisfying Eq. (1).
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o9at 0942 e 0945 3 Boundary turbulence on 26 September 2005

On 26 September 2005, between 09:40 and 09:44 UT, a
Fig. 1. Cluster magnetic and bulk velocity data—d) By compo- rather rare case occurred, when the Cluster spacecraft were
nents (thick lines) and fluctuations (thin lines) from all four space- merged into a tailward plasma flow, observing magnetic fluc-
craft; (e) Vx components of the bulk velocity from C1 and C4; the tyations not merely in the central part of the flow, but also
thick horizontal dashed lines in (a—d) show intervals of statistical ;|gse to the northern and southern boundaries of the flow at
moment computation. the same time. Toillustrate the physics we describe this event
in more detail first.

probability density function (PDF) of the anisotropic small-  Figures la—d show th&yx components (thick lines) of
scale scalar field (measured along the gradient) is skewef'29netic field, available at 22 Hz resolution from the Flux
with asymmetric tails|5]20). At the same time, the PDF’s Gaté Magnetometer experimerigogh et al. 200]). The

are getting more and more peaked and long-tailed towargdhin lines correspond to the fluctuations of the magnetic field,

smaller and smaller spatial scales, a clear manifestation ofPtained through differentiation
intermittency (increasing). _ _

Large-scale gradients of the velocity (e.g. due to velocitya(BX(t’ ™) =Bx ¢ +7)—Bx(®) @
shear) would also induce small-scale anisotropies. This cas@here r is the time scale of fluctuations. Supposing that
is less studied, but might be present in many hydrodynamiche spatial fluctuations pass over the spacecraft faster than
flow systems with velocity gradient$\arhaft 2002. they typically fluctuate in time, the time scatealways cor-

Numerical studies show that small-scale skewed PDFs asresponds to a spatial scale (see further discussidfoits
sociated with large-scale scalar gradients are the manifestaet al.(20040). In Fig. 1t=4s is used.
tion of direct cross-scale coupling between well separated The subsequent panels in Figs. 1a—d show magnetic fluc-
scales in hydrodynamic turbulendgréthouwer et a) 2003. tuations predominantly in the Northern Hemisphere (C4,
Another expected signature of direct cross-scale coupling ifig. 1a, Bx <0 only for very short periods), in both North-
the simultaneous increase of small-scale skewness and kuern and Southern Hemispheres (C1 and C3, Figs. 1b, c),
tosis. In fact, statistics of a passive scalar dispersion in turand mainly in the Southern Hemisphere (C2, Fig. g0
bulent shear flows obeyhatwin and Robinsqri997) again only for short periods). In Fig. 1e, the available 1-spin
K — AS?+ B 1) (4s) aver_aged velocity data from the Cluster lon Spectrome-

try experiment (CIS; Bme et al., 2001) are shown from C1
which is valid also, e.g. in convective and shear-dominatedHot lon Analyzer) and C4 (Composition Distribution Func-
turbulent boundary layers in hydrodynamiégi{erghi et al, tion).
2002. The parameterd and B can vary with time and po- We will use the magnetic and plasma data as well as the
sition. known positions of the spacecraft (Figs. 2a—c) to figure out

Nonlocal coupling in turbulence is a relatively new con- the approximate spatial structure of the plasma flow. The
cept, which differs from the “standard” Kolmogorov picture, available velocity data (Fig. 1e) show that C1 is merged into
where the energy introduced at the system scale cascades tiite tailward plasma flow for a longer time than C4. C1is al-
wards the small scales through sequential steps - due to nomaost 4 min in a tailward flow withVy |>500 km/s, while C4
linear, but local interactions in Fourier space. According to observed such tailward flow only fer2 min. C4 is situated
this picture any information about the large-scale features oEarthward from C1 (Figs. 2a, b), therefore the tailward flow
a flow is lost when the cascade develops within the so-calleghould reach C4 earlier than C1. It does not happen, how-
inertial range of scales. The conceptual difference betweemver, simply because before and around 09:41 UT, C4 is in
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the lobe (20 nT<Bx <40 nT, Fig. 1a), while C1 is within the GSM Trajectories [R] - 0938 - 0945
plasma sheetBx fluctuates around OnT, Fig. 1b). C4 en- 5 ‘ ‘ ‘ ‘ ‘ ‘
ters to the plasma flow at about 09:41 UT, whBg starts Wt C1 Cc2 C4 |
to decrease and leaves the flow after 09:43 UT wign Y i - -
reaches 40 nT again. Betweei9:41 and~09:43 UT, mag- a X
netic field fluctuations occur over multiple time scales from  -f6 -164 -162 -16 -158 -156 -154 -152 —15
a fraction of a second up to minutes. It has already beer -05

X - . &
shown that multi-scale magnetic field fluctuations always ap- P
pear when bursty perpendicular plasma flows interact withZ -1 ]
the magnetic field\{oros et al, 20040. Since C4 enters to b_’ X
the flow from the northern lobe and moves back to the lobe ‘56 -164 -162 -16 -158 -156 -154 -152 -15
after~2 min, we may assume that C4 is situated close to the -05 w
northern boundary of the plasma flow. Similarly, C2 enters o ’.’ } ”””” $-—
to the flow from the southern lobe and appears to be clos¢Z -1f 3700 (k] ]
to the southern boundary of the same flow (Fig. 1d) for a . Ny -
relatively short time of~1min. Statistical analysis shows ™35 3 35 4 45 5

that the average width of flow channels in the north-south

direction is about 10 000 kmN@kamura et al.2004. The

distance between C2 and C4 in vertical (GSM Z) direction isFig. 2. Cluster spacecraft positions in GSM X-Y, X-Z and Y-Z
only ~3700 km, however, it is easy to notice that the charac-P'a”es- The dqshed horizontal Iineic’:_mcorrespond to the approx-
ter of the magnetic fluctuations at C2 and C4 is similar andimate boundaries of the plasma flow in the Y-Z plane.

the flow is therefore more localized than the average width

obtained from statistics. The distance between C3, C4 an

C1, C2 pairs in GSM X direction is less than 10000 km q( (red line) on the time scale, estimated from the magni-

tude of the magnetic field. The error bars correspond to the

which means that the tailward flow havirig ~1000 km/s e : . o
L ithi ; standard deviation obtained for data intervals indicated by
(C1, C4 data) travels this distance withirl0s, while the thick dashed horizontal lines in Figs. 1la—d. The optimized

flow itself lasts at least 2 min. Therefore, the Cluster space- . . L
. e data intervals were found by trial and error. Any shifting or
craft are merged into the same flow. Large deviations from

the mean field tend to be oriented towards the neutral Shee?nlargmg_ OT the depicted mte_rvals would increase the stang
) : dard deviations over the monitored scales. Wavelet spectra
and the PDFs estimated froBy magnetic component are

skewed (not shown). Contrarily, the C1 and C3 spacecrafteXh'b't multi-scale quqtuguons over the intervals with the
smallest standard deviation, too (not shown). The compar-

are situated roughly at the same GSM Z position (Fig. 2b),.Son of S andX in Figs. 3a, d (C4, C2) and 3b, ¢ (C1, C3)

and the magnetic fluctuations in both cases are more Symmets_hows clear differences, depending on the spacecraft position
ric around Bx=0nT. Both the spacecraft positions and the » dep g P P

similarities of magnetic fluctuations at C1 and C3 as well asrelatlve to the plasma flow. C4 and C2 at the flow boundary

the available velocity data from C1 seem to suggest that C blssrr]\ée(l:zrger values SfandK above the scale ot1s than
and C3 are close to the central part of the plasma flow. The The sca.tter lot betweers and K. estimated over
schematic view of upper and lower boundaries of the plasma2 P '

flow in GSM Y-Z plane are shown in Fig. 2c. On the basis of s<r=6 in Fig. 4, shows lnterdepenc_ience of moments a
the relative position of spacecraft and plasma flow (Fig. 2c) the flow boundary_ (C.:Z and C4, red points) and fluctL_Janons
y ‘aroundS=K ~0, within the flow (C1 and C3, black points).

we expect, that the spacecraft pairs C2, C4 and C1, C3, 2% he blue curve derived using a least-squares fit corresponds

situated in regions with different large-scale gradients. Near, N 0 :
the northern/southern boundaries of the flow (C2, C4) theto the Eq. (1) withA=1.67+0.05 (95% confidence bounds)

hysical parameters like density, velocity, etc. are changin and 5=0. In other words, we find a remarkable similarity
phy P Y, Y, elc. 9N ith hydrodynamic turbulence having large-scale gradients

rapidly back to the undisturbed or lobe level, while closer to associated with quadratic dependencéadn , which sug-

the central part of the flow (C1, C3), the gradients are ex- . .

gests that these signatures of nonlocal coupling occur near
pected to be smaller. Actually, we do not know how deeply .

the boundaries of plasma flow.

C2 (or C4) get into the flow. On the other hand, optimized
data intervals can be found over which thandK estimates
are stationary, indicating that the spacecraft are within statis4 Conclusions

tically homogeneous regions. In order to check the station-

arity of data intervals$§ and K were estimated within equal Cluster magnetic field, velocity, and position data were used
number of overlapping subintervals. Then the correspondingo determine the approximate spatial location of the plasma
mean values and standard deviations were computed at eadlow on 26 September 2005 relative to the Cluster spacecraft.
scaler. Figure 3 shows the dependenceSdblack line) and  Optimized data intervals for statistical moment estimations

www.ann-geophys.net/25/13/2007/ Ann. Geophys., 2511732007



16 Z. Voros et al.: Spatial structure of turbulence

AcknowledgementsThe work by Z. \bros was partially supported
by the Czech Science Foundation under project B300420509. The
work by M. Volwerk was financially supported by the German Bun-
desministerium dir Bildung und Forschung and the Zentrudr f
Luft- und Raumfahrt under contract 50 OC 0104.

Topical Editor I. A. Daglis thanks H. Funsten for his help in
evaluating this paper.

References

Alberghi, S., Maurizi, A., and Tampieri, F.: Relationship between
the vertical velocity skewness and kurtosis observed during sea
breeze convection, J. Appl. Meteorol., 41, 885-889, 2002.

Balogh, A., Carr, C. M., Acia, M. H., et al.: The Cluster magnetic
field investigation: overview of in-flight performance and initial
results, Ann. Geophys., 19, 1207-1217, 2001,

Time scale [s] http://www.ann-geophys.net/19/1207/2001/
Baumjohann, W.: The near-Earth plasma sheet: an AMPTE/IRM
perspective, Space Sci. Rev., 64, 141-163, 1993.
Fig. 3. Time-scale evolution of the mean values of skewness (' Bershadskii, A. and Sreenivasan, K. R.: Intermittency and the pas-

— black line) and kurtosisK — red line) from all four spacecraft; sive nature of the magnitude of the magnetic field, Phys. Rev.
the error bars correspond to standard deviatisnand K are esti- Lett., 93, 064501, doi:10.1103/PhysRevLett.93.064501, 2004.

mated over the intervals indicated by thick horizontal dashed linesgoroysky, J. E. and Funsten, H. O.: MHD turbulence in the Earth’s
in Figs. 1a—d. plasma sheet: Dynamics, dissipation and driving, J. Geophys.

Res., 108, 1284, doi:1.1029/2002JA009625, 2003.
Brethouwer, G., Hunt, J. C. R., and Nieuwstadt, F. T. M.: Micro-
structure and Lagrangian statistics of the scalar field with a mean
) gradient in isotropic turbulence, J. Fluid. Mech., 474, 193-225,
2003.
Bruno, R. and Carbone, V.: The solar wind as a turbulence labora-
1 tory, Living Rev. Solar Phys., 2, 1-186, 2005.
Chatwin, P. C. and Robinson, C.: The moments of the pdf of con-
centration for gas clouds in the presence of fences, Nuovo Ci-
| mento C, 20, 361— 383, 1997.
Nakamura, R., Baumjohann, W., Mouikis, C., et al.: Spatial scale of
iy high-speed flows in the plasma sheet observed by Cluster, Geo-
phys. Res. Lett., 31, L09804, doi:10.1029/2004GL019558, 2004.
Neagu, E., Borovsky, J. E., Thomsen, M. F., et al.: Statistical survey
. of magnetic field and ion velocity fluctuations in the near-Earth
plasma sheet: Active Magnetospheric Particle Trace Explor-
3 ers/lon Release Module (AMPTE/IRM) measurements, J. Geo-
S phys. Res., 107(A7), 1098, doi:10.1029/2001JA000318, 2002.
Press, W. H., Teukolsky, S. A., Vetterling, W. T., and Flannery, B. P.:
) . Numerical recipes in C, Cambridge University Press, 1992.
Fig. 4. Mean values of skewness versus kurtosis from C1, C3peme H., Aoustin, C., Bosqued, J. M., et al.: First multispacecraft
(black points) and C2, C4 spacecraft (red points) over the time o, measurements in and near the Earths magnetosphere with the
scales from 2 to 6s. The blue line represents the quadratic rela- jgentical Cluster ion spectrometry (CIS) experiment, Ann. Geo-
tlonshlp of Eq (1) withA=1.67 andB=0. phyS-, 19’ 1303_1354, 2001’
http://www.ann-geophys.net/19/1303/2001/
were found through trial and error. Over the time scale Tsyganenko, NA a_nd Mukai, T.: Tail plasma sheet models derived
of seconds and at the plasma flow boundary, we found in- from Geotail particle data, J. Geophys. Res., 108(A3), 1136,
creased values &f and K, estimated from the magnitude of ..d.c.’ 1:10.1029/2002JA009707, 2003. ) .
. . . . . Voros, Z., Baumjohann, W., Nakamura, R., et al.: Multi-scale mag-
magnetic fluctuations. The quadratic relationship betw&en NI ) :
. L netic field intermittence in the plasma sheet, Ann. Geophys., 21,
and K resembles passive scalar statistics in turbulent shear 1955-1964, 2003,
flows or boundary layers. On this basis we can speculate http://www.ann-geophys.net/21/1955/2003/
that turbulence at the edges of rapid flows redistributes enyrss, z., Baumjohann, W., Nakamura, R., et al.: Magnetic tur-
ergy through nonlocal coupling mechanisms between well- bulence in the plasma sheet, J. Geophys. Res., 109, A11215,
separated scales. doi:10.1029/2004JA010404, 2004a.

Ann. Geophys., 25, 137, 2007 www.ann-geophys.net/25/13/2007/


http://www.ann-geophys.net/19/1207/2001/
http://www.ann-geophys.net/19/1303/2001/
http://www.ann-geophys.net/21/1955/2003/

Z.Voros et al.: Spatial structure of turbulence 17

Voros, Z., Baumjohann, W., Nakamura, R., et al.: Wavelet analysisWarhaft, Z.: Turbulence in nature and in the laboratory, Proc. Natl.
of magnetic turbulence in the Earth’s plasma sheet, Phys. Plas- Acad. Sci. U. S. A., 99, 2481-2486, 2002.
mas, 11, 1333-1338, d0i:10.1063/1.1667499, 2004b.
Voros, Z., Leubner, M. P., and Baumjohann, W.: Cross-scale
coupling-induced intermittency near interplanetary shocks, J.
Geophys. Res., 111, A02102, doi:10.1029/2005JA011479, 2006.

www.ann-geophys.net/25/13/2007/ Ann. Geophys., 2511732007



