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Abstract. Using the four Cluster spacecraft, we have deter-1 Introduction
mined the three-dimensional wave-vector spectra of fluctuat-

ing magnetic fields in the solar wind. Three different solar |nyestigating three-dimensional spatial structures is one of
wind intervals of Cluster data are investigated for this pur-ihe most exciting tasks in studying the complex behavior
pose, representing three different spatial scales: 10000 kmyf space plasma turbulence. There are several reasons for
1000 km, and 100 km. The spectra are determined using thgyis: (1) various studies (observations and theories) suggest
wave telescope technique (k-filtering technique) without as-pjasma turbulence to be anisotropic with respect to the ambi-
suming the validity of Taylor's frozen-in-flow hypothesis nor ent magnetic field; (2) determining spatial structure in three
are any assumptions made as to the symmetry properties fimensions provides direct visualization that can give evi-
the fluctuations. We find that the spectra are anisotropicjence of anisotropies; and (3) such a task is only possible
on all the three scales and the power is extended primarilyyitp, multi-spacecraft missions, such as ClustEsdoubet

in the directions perpendicular to the mean magnetic field,gt a1, 2001). Solar wind turbulence serves as the only acces-
as might be expected of two-dimensional turbulence, how-sipje, fully-developed plasma turbulence in space that allows
ever, the analyzed fluctuations are not axisymmetric. Thejetailed in-situ measurements using spacecraft. Studying the
lack of axisymmetry invalidates some earlier techniques usfiyctuation properties of solar wind turbulence has immedi-
ing single spacecraft observations that were used to estiate implications to astrophysical phenomena such as coronal

mate the percentage of magnetic energy residing in quasineating, cosmic ray acceleration and propagation, as well as
dimensional turbulence is consistent with the relatively long The solar wind has various phases. The flow velocity
mean free paths of cosmic rays in observed !n.the heIIO'observed at Earth’s orbit (1 AU) varies typically between
sphere. On the other hand, the spectra also exhibit seconda%0 kms (slow wind) and 800 kmst (fast wind). The
extended structures oblique from the mean magnetic field diinterplanetary magnetic field can point either a\;vay from
rection. We discuss possible origins of anisotropy and asym- . . .

. the Sun or toward it, depending on the detailed structure
metry of solar wind turbulence spectra.

of the corona from which the solar wind originates. Mag-

Keywords. Interplanetary physics (Interplanetary magnetic netic fluctuations in the solar wind are almost incompress-

fields; MHD waves and turbulence; Plasma waves and turbuiPle in the sense that the fluctuations are primarily perpen-
lence) dicular to the mean field and appear to be an example of

fully-developed turbulence. Energy spectra of both magnetic
field and flow velocity fluctuations often exhibit power law
with indices close to-5/3 in the frequency domairCple-
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reminiscent of Kolmogorov’s inertial-range spectrum of fluid 1000 km, and 100 km. These scales are important to under-
turbulence. At frequencies around 0.1 Hz to 1 Hz, measurestand the spatial structure of solar wind turbulence from the
ments further show a spectral break point where the specfluid to the ion kinetic regimes. On the spatial scale about

trum steepend @amon et a.1998 Smith etal, 200§ andis 10000 km the magnetohydrodynamic picture should be le-
characterized by an index steeper that(Behannon1978 gitimate for describing solar wind turbulence, whereas on the
Denskat et a).1983 Goldstein et a].1994 Leamon et al.  scale about 100 km ion kinetics should play an important role

1998 Bale et al, 2005 Sahraoui et a].2009. Recent anal- as the ion gyro-radius and inertial length are of this order in

yses of Cluster data have shown that magnetic spectra in thihe solar wind. In this paper, we cast the question if the en-
range between 0.5Hz and 2Hz have an index betwe2n ergy spectra are anisotropic on these spatial scales.

to —4 (Sahraoui et a).2009 Kiyani et al, 2009 Alexan-

drova et al. 2009, and suggest that there is another break-

point above 20 Hz where the spectra become less steep befoBe Cluster measurements in the solar wind

again steepening to about4 as the fluctuations approach

the electron inertial scale near 100 Feafhraoui et al2009 2.1 Event selection

Alexandrova et a).2009.

Various studies suggest that plasma turbulence should b#/e chose three time intervals of solar wind data from Clus-
anisotropic. Earlier observations based on single spacecrafer fluxgate magnetometer experiment (FGHBalogh et al.
showed that correlation of magnetic field fluctuations in the2001) for the analysis of the three-dimensional wave-vector
solar wind tends to peak in directions both parallel and per-spectra: (interval 1) 16 January 2006, 04:30-06:30 UT dur-
pendicular to the mean magnetic field, and not in obliqueing the mission phase with about 10 000 km spacecraft sep-
directions Matthaeus et al.1990. Turbulent fluctuations aration; (interval 2) 21 March 2005, 18:00-20:00 UT with
in the solar wind are therefore often interpreted as a compeabout 1000 km separation; (interval 3) 20 February 2002,
tition between two different fluctuation geometries. One is 19:30-20:00 UT with about 100 km separation. These in-
associated with wave vectors parallel to the mean magnetitervals were selected using the following criteria: (a) Clus-
field (referred to as the slab model because the fluctuationter forms tetrahedron close to regular, which minimizes
are primarily in a plane perpendicular to the backgroundspectral distortion effects such as spatial aliasing and arti-
magnetic field), and the other is associated with perpendicuficial anisotropies induced by irregular tetrahedron of sensor
lar wave vectors (the two-dimensional turbulence model, inconfiguration Narita et al, 2010k Sahraoui et a].2010g
which the magnetic fields or flux tubes are distorted withoutin the analysis. For this purpose we set the minimum
being bent). Studies of cosmic ray transport also suggest thatalue for the tetrahedral configuration parameggg, > 2.5.
the two-dimensional turbulence geometry must play a dom-The parameter characterizes the tetrahedral shape such that
inant role to account for the long mean free paths of cosmicone-dimensional array, two-dimensional plane, and three-
rays Bieber et al. 1994 1996. On the other hand, extensive dimensional regular tetrahedron formed by four points are
correlation analyses using single spacecraft data suggest thgiven by the value 1.0, 2.0, and 3.0, respectivelyn(Stein
the dominance of the two fluctuation geometries is case deet al, 1992 Robert et al. 1998. (b) The intervals contain
pendent: fluctuations described by the slab geometry domvery few discontinuities. (c) Fluctuations are weakly station-
inate the fast streams and that of the two-dimensional turary, in the sense that the mean fields (magnetic field, flow
bulence geometry dominate the slow streaiasso et al.  velocity, and density) can be regarded as nearly constant
2005. (note that the strict stationarity requires more justification

The Cluster mission is unigue in studying solar wind tur- from power spectra and higher order moments of the prob-
bulence, since it can determine spatial structures (size andbility density function. (d) The flow speed, the magnetic
direction) of fluctuating fields in three dimensions without field magnitude, and the plasma beta are similar as shown in
employing assumptions about symmetry or Taylor's frozen-Table 1 to minimize the risk of mixing different solar wind
in-flow hypothesis Taylor, 1938. This paper is motivated phases, e.g. high-speed and low-speed streams. Higlise
by recent Cluster measurements of three-dimensional waveplays the time series plots of the magnetic field magnitude,
vector spectraNarita et al, 2010a Sahraoui et al.2010h solar wind speed, and ion density in the three intervals, re-
of fluctuating magnetic fields in the solar wind, which con- spectively. Frequency spectra of magnetic field fluctuations
firmed the existence of anisotropic energy spectra. Thesétrace of the spectral density matrix in the spacecraft frame)
analyses concluded that there was a preference for twoexhibit the power-law with the index close te5/3 at fre-
dimensional turbulence. Furthermore, it was shown that ax-guencies up to almost 1 Hz in all the three intervals (B)g.
isymmetry in the spectrum is broken around the direction ofconfirming the typical power spectra in the solar wind in the
the mean magnetic field. Here we use the analysis methotbw-frequency range.
developed bySahraoui et al(2006 20103 andNarita et al. Two points need to be addressed about the analyzed
(20108 and investigate the three-dimensional structures oftime intervals: electron foreshock activity and tetrahedral
solar wind turbulence on three distinct scales: 10000 km,shape. The three intervals represent to large part the electron
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Fig. 1. Three time intervals displaying magnetic field magnitude, flow speed, and ion density in the solar wind. The data were obtained by

fluxgate magnetometer (FGM) and electrostatic ion analyzer (CIS-HIA) on board Cluster-1 spacecraft.

Table 1. Mean values of plasma and magnetic field data in the 1 O3

Interval 1
three analyzed intervals: Characteristic tetrahedron size of Cluster 1 02 L e |Nterval 2
L, flow speedV, ion number density, magnitude of magnetic field — ; Interval 3
B, ion temperaturd’, and the plasma parameter beta. E 1 O1 3
N\ 1 OO -
=
Mean values L Vv n B T Beta lin 1 0—1 _
Units km kmsl em3 T MK 1 a )
Interval 1 (2006) 10000 436.11 6.76 10.74 0.36 0.73 10 ' I95%
Interval 2 (2005) 1000 446.26 3.35 759 0.28 0.57 1 O_‘-5 [ . .
Interval 3 (2002) 100 443.05 6.69 10.13 0.32 0.72 -3 _2 -1 0
10 10 10 10

fee [Hz]
foreshock as identified in high-frequency (2—80 kHz) electric _. . L
field data from the WHISPER instrumerDéciéau et al, Fig. 2. Frequency spectra of magnetic field fluctuations in the three

. ) analyzed intervals: the upper curve in thin color is the spectrum for
2003), although the intervals are uncontaminated by baCI('theinterval 1, the lower curve the interval 2, and the middle curve in

streaming ions associated with low-frequency foreshock acyack the interval 3. The data are taken from fluxgate magnetometer
tivity. The interval 1 is the one that doesn’t contain much on poard Cluster, and the spectra are averaged over 4 spacecraft.
electron foreshock activity, but the high-frequency wave dataHorizontal bars represent frequency ranges used in the wave vector
are nevertheless disturbed by the WHISPER sounding exanalysis. Vertical bar with notation “95 %" at bottom left represents
periment. In addition, the spacecraft tetrahedral configurathe confidence interval for the average number of sub-intervals used
tion is not strictly regular; planarity and elongation are not in the analysis.
the smallest. Interpreting the fluctuation properties there-
fore needs special care. Quantitative analysis is performed
to judge if the measured anisotropy is of natural origin andintervals, respectively, and the CSD matrix is averaged over
not “fake” anisotropies produced by irregular tetrahedron. them for statistical significance. For the interval 1, one-hour
sub-intervals are used for the analysis and averaged over sub-
2.2 Data analysis intervals slided by 1 min from the beginning to the end of the
interval in order to resolve lower frequencies. Since Cluster
The three-dimensional wave-vector spectra were determinegerforms measurements at spatially discrete points, the spa-
according to the procedure describedNiarita et al.(20108. tial aliasing effects must be taken into account in the wave-
In the first step, we determined the $22 cross spectral vector domain as well as in the frequency domain because the
density (CSD) matrix in the frequency domain (in the space-Doppler effect relating spatial and temporal variations brings
craft frame). Each element of the matrix represents crossabout aliasing in the frequency domain, too. The CSD matrix
correlation of the magnetic field variation for different pairs was measured inside the principal distribution (i.e. the first
of three components of the field measured at four spacecrafBrillouin zone) in the wave vector domain determined by the
For the interval 2 and 3, the data are split into 7 and 17 subspacecraft separation distance. The limit of frequency (in the
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spacecraft frame) for the analysis is determined by investi- In the fourth step, the four-dimensional energy distribu-
gating the periodic pattern of energy spectra in the frequencytion is transformed into positive frequencies by changing the
wave vector domain (spatio-temporal aliasing). The limits of sign of frequencies and wave vectors for negative frequency
frequency in the spacecraft frame are 0.02Hz, 0.1 Hz, andcomponents, and is then averaged over the rest-frame fre-
1.0Hz inintervals 1, 2, and 3, respectively. guencies to obtain the three-dimensional wave-vector spec-
In the second step, the CSD matrix is reduced intoxé83  trum. The frequency averaging is performed in the range in
matrix (representing 3 components of the magnetic field) bywhich the spectrum is symmetrically covered (or measured)
projecting the matrix from the frequency domain into the between the flow direction and its opposite direction in the
four-dimensional frequency-wave vector domain using theplasma rest frame, in the ranggest< 0.02rad s (inter-
wave telescope/k-filtering techniquBiicon and Lefeuvie  val 1), wrest< 0.2rad 1 (interval 2), andvrest< 1.0rad st
1991, Motschmann et al.1996 Pincon and Motschmann (interval 3).
1998 Glassmeier et gl.2001). This technique is a gen-
eralization of array signal processing developeddapon 2.3 Results
(1969, and represents a parametric approach of estimating
power spectra in the wave-vector domain based on measuré=igure 3 displays the three-dimensional wave-vector spec-
ments only at several spatial points. In this projection methodra for the three intervals (and therefore on different spa-
the filter coefficients are chosen so as to minimize the vari-tial scales). For the purpose of comparison, the wave-
ance of the filter output under two constraints. The firstis thatvector ranges of the spectra are trimmed and presented
the response of the filter is unity at the wave vector so as no@s stereographic cubes with the maximum wave numbers
to change the amplitude of waves by the projection, and the.0001 rad km, 0.001 rad km*, and 0.01 rad km' for the
other is the divergence-free condition of the magnetic field.intervals 1, 2, and 3, respectively. The spectra are presented
In the wave telescope technique, the wave vector serves d8 the MFA (mean-field-aligned) coordinate system spanned
a parameter in the analysis, and the filter coefficients (pro-by the mean magnetic field along the z-axis (thexis) and
jection weights) are determined not only by the wave vectorthe flow direction in the xz-plane (the,1-k-plane). The
but also by the measured CSD matrix itself for the purposemean magnetic field and the flow velocity can be regarded
of reducing noise that comes from interference or cross-tall@s nearly constant within accuracy 1% or even better. For
between different wave vectors in the spectral analysis. representation, the three-dimensional distributions are aver-
The wave telescope technique can be regarded as a fittingged over the directions normal to the xy-, Xxz-, and yz-planes
procedure with propagating plane waves at various pairs ofind displayed as three surfaces/contours on the cubes. Three-
frequencies and wave vectors; this technique can determingimensional wave-vector spectra provide information on the
the sign of wave vectors without use of cross helicity (which Symmetries and energy cascade directions (indicated by the
requires flow velocity data). Examples of distinguishing be- €xtended structures of the spectra) in solar wind turbulence.
tween forward and backward propagation directions using/Ve find the following symmetric or extension properties of
the wave telescope are displayeddtassmeier et a(2001) the spectra.
andNarita et al.(2009. In the spacecraft frame the acces- On the spatial scale about 10 000 km (interval 1), the spec-
sible wave vectors are symmetric with respect to changingrum exhibits an anisotropic structure extended perpendicu-
the sign. However, when the measurement is performed inar to the mean magnetic field direction (left and right side
a stream such as in the solar wind the accessible frequerpanels,k 1-k andk2-k planes). Furthermore, the spec-
cies and wave vectors in the plasma rest frame (co-movingrum is asymmetric around the mean field direction, too (top
frame with the flow) become asymmetric between the flowpanel,k11-k1 2 plane). The spectrum is roughly symmetric
direction and the opposite direction to it, which needs to bewith respect to changing the sign of the wave vector.
taken into account. The concept of the projection method On the spatial scale about 1000 km (interval 2), the spec-
for multi-point data analysis can further be applied to vari- trum also exhibits an extended structure perpendicular to the
ous fluctuation geometries, e.g. for spherical wave patternsnean field (left side panet, »-k; plane). On the other hand,
(Constantinescu et al2006 2007, and for phase-shifted there is a moderate, secondary extended structure oblique
wave patterns for field line resonances of geomagnetic fieldfrom the mean field direction (right side parvels-k; plane).
(Plaschke et al2008. The axisymmetry around the mean field is broken and the
In the third step, we obtain the fluctuation power by tak- spectrum is extended perpendicular to the flow direction (top
ing the trace of the reduced matrix as a function of frequen-panel,k  1-k 2 plane). The spectrum is again roughly sym-
cies and wave vectors in the spacecraft frame. The energgnetric with respect to changing the sign of the wave vector.
distribution is then transformed into the plasma rest frame On the spatial scale about 100 km (interval 3), the spec-
by correcting for the Doppler shift. The mean flow veloc- trum exhibits more detailed structures: an elongated structure
ity obtained by the electrostatic ion analyzer CIS-HIA on in thek » direction (left and top panel$, >-k; andk1-k >
board Cluster Reme et al. 200)) is used for the Doppler planes); obliquely extended structures from the mean field
correction. (right panel k1 1-k; plane). Around the direction of the mean
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Fig. 3. Stereographic representation of the three-dimensional wave-vector spectra of fluctuating magnetic field in the solar wind for the
three time intervals shown in Fig. The spectra are presented in the MFA (mean-field-aligned) coordinate system spanned by the mean
magnetic field (in the z-axis dfj-axis) and the flow direction (in the xz-plane/or;-k-plane) and averaged over the directions normal to

the displayed plane. The confidence intervals at the color scales are based on the degree of freedom used for averaging over frequencie
wave numbers, and sub-intervals (for the interval 2 and 3).

magnetic field the spectrum is more gyrotropic than that inwherek, andk; denote the wave numbers in the maximum
the interval 2, i.e. the asymmetry between the andk, » extended direction (or semi-major axis) and the minimum ex-
components is weaker than that on the 1000 km scale. Théended direction (semi-minor axis) in the two-dimensional
spectrum is again nearly symmetric with respect to changingpectrum,E (k,, kp), respectively. Summatiox; is taken

the sign of the wave vector. Interestingly, the oblique, ex-over k, andk,. This index essentially measures the ratio
tended structure in the, 1-k plane was found to be roughly of the second order moments of the distribution (the width,
perpendicular to the flow direction (about 100 degrees). namely) between the maximum and minimum extended di-

While the effects of irregular tetrahedron on the measurefections by fitting the distribution with an ellipse. The values
ment of spectral anisotropy were minimized by event selecOf the anisotropy index for the three planes{-k2, k11-kj,
tion, the tetrahedral formation of the four spacecraft is notandk12-k|) are graphically presented in Figas a function
strictly regular in reality. It is therefore natural to ask if the ©Of the tetrahedron configuration parameg for the three
detected anisotropies are physically relevant. Also, some ofime intervals.

the recipcocal vectors happened to be nearly perpendicular to The maximum anisotropy is found in the interval 2 (on
either the mean magnetic field direction or the flow direction. 1000 km scale)k ; 2-k;-plane; and the minimum anisotropy
Angles of the longest reciprocal vectors of the tetrahedror]n the interval 3 (on ”10 000 'km scalé), 1-k | o-plane. The

are 106, 123, and 81 degrees from the mean magnetic fieI9alues of the anisotropy index are separated from one plane

forinterval 1, 2,3, respectively, and 59, 165, and 146 degreeg, onother in the three intervals. The average anisotropy in-

from the flow direction. Angles of the shortest reciprocal dex is about 2.0 in thé1-k; and k. ok planes, and 1.6
vectors are 89, 50, and 41 degrees from the mean magnetig v, ;.\, plane. Error bars represent the variation of
field, and 138, 97, and 118 degrees from the flow direction o apedral shape during the measurement (horizontal bars)

For this purlposedthe meas(;;rgdhakr]nsotrop|e§ t;/ve[]e ?Valu‘?t d its effect on the anisotropy index (vertical bars, but they
quantitatively and compared with that caused by the irregulat, o gmajier than the plotted symbol size). Dotted curve at

shape of tetrahedron using synthetic data. The anisotropy inthe bottom in Fig4 represents anisotropy caused by the ir-
dexA conveniently describes the elliptical shape of the Specyear shape of tetrahedron. Numerical test using synthetic
trum in two dimensions, introduced IBhebalin etal1983 a5 presented inarita et al.(20108 was extended to ir-
and later bySaito et al (2008 regular, tetrahedral configuration at various valueef.
Synthetic data represent fluctuations with various frequen-
cies and wave vectors characterized by isotropic energy dis-
tribution. The measurement itself causes anisotropy when

_ Skk2E (ka.kp)

- , 1)
SkkZE (kg kp)

www.ann-geophys.net/29/1731/2011/ Ann. Geophys., 29, 1I7338-2011



1736 Y. Narita et al.: 3-D structures of solar wind turbulence

< (3) 2) (1) and 100 km scales, respectively), too. The axisymmetry is
< 3.0 i ' ' ] broken around the mean magnetic field on these scales. The
O r | O kn—kpp = ] anisotropy between the parallel and the perpendicular direc-
Q 25 |2 kuk ; tions becomes enhanced from the large scale (10 000 km) to
T O kiz=ka A the intermediate scale (1000 km), and then diminished on the
2 2.0¢F A X—E— ] small scale (100km). The asymmetry in the plane perpen-
o : = . S ] dicular to the mean magnetic field becomes also enhanced
5 1.5r . from the large to the intermediate scale and diminished on
R A SR ] the small scale. But it is not clear if the spectrum on the
< 1.0t - b LY Ll ] small scale (interval 3) is gyrotropic (axi-symmetric) or not,

2.6 2.7 28 2.9 30 since the asymmetry might also be explained by the irregular
’ ' ’ tetrahedral shape.

QG It should be noted that the solar wind has different phases
such as high- and low-speed streams, plasma parameter beta,
and so on. The spectral anisotropy and asymmetry in our re-
L sults should be extended to a variety of solar wind intervals of
the panel denote the analyzed time interval. Three symbols denot& - o .

luster data including intervals with more regular tetrahedral

the three projected planes in Fig.for each time interval. Error f . dal . dbvel f hock
bars reflect the variation of tetrahedral shape during the measurgc0nfiguration and also uncontaminated by electron foreshoc

ment. Dotted curve represent the artificial anisotropy produced byactivities. _ '
irregular tetrahedron. The origin and mechanism of spectral anisotropy and

asymmetry would be an interesting topic for understanding
spatial and temporal structure of solar wind turbulence. Our

the sensor tetrahedral configuration is not regular. This artifi-data analysis shows that the spectral anisotropy prefers the
cial anisotropy is larger at smaller values@§ (more irreg- ~ sense of energy cascade perpendicular to the mean magnetic
ular tetrahedron), and becomes minimum as the valu@pf field, and there are several possible explanations: (1) the
approaches t0.8 (more regular tetrahedron). The artificial anisotropy already exists in the solar corona and it is simply
anisotropy is, however, at most abou for the tetrahedral transported by the solar wind, (2) it develops in the interplan-
configurations in the analyzed time intervals and is smalleretary space by scattering of Aim waves, or (3) it develops
than the measured values except for the-k » plane in  due to radial expansion of the solar wind in the heliosphere.
the interval 3. This justifies the anisotropy and asymmetryLarge-amplitude Alfén waves are known to exist in the so-
in field structure in solar wind turbulence most likely to be lar wind (Belcher and Davis1971) and theoretical studies
physically relevant. have shown that large-amplitude Atfm waves are subject to
decay and modulational instabilities, collapsing into daugh-
ter waves Goldstein 1978 Longtin and Sonnerypl986
3 Discussion and conclusions Terasawa et gl.1986 Wong and Goldstein1986. It is,
however, questionable if these instabilities are relevant be-
To summarize the properties of the three-dimensional encause they require a “pump” wave. Radial expansion of the
ergy spectra, we find that anisotropy exists on all the threesolar wind may influence solar wind turbulenc&rappin
investigated scales from 10 000 km down to 100 km, and axi{1996 demonstrated in numerical simulation that the expan-
ally asymmetric, too. The anisotropy cannot be explained bysion of the solar wind plasma causes stretching of eddies and
the irregular tetrahedral shapes alone, and must reflect somanisotropy. AsRoberts et al(1987ab) argued, large-scale
physical mechanism in solar wind turbulence. Itis interestinginhomogeneity must be present in the solar wind and turbu-
to compare our results with that derived from single spacedence can actively be excited along with its divergent flow.
craft measurementsPodesta(2009 argues, for example, One may consider our results such that fluctuations in the
that the frequency spectrum of magnetic field fluctuationsN direction in theRT N coordinate system (pointing the di-
in the high-speed solar wind is approximately azimuthally rection of Sun’s rotation axis in the solar equatorial plane)
symmetric about the mean field both in the inertial rangehave no projection along the radial direction while fluctua-
(corresponding to 10 000 to 1000 km scales in our work) andtions in the7 direction do (perpendicular to the radial di-
dissipation/dispersion range (100 km in our work). The spa-rection from the Sun and to Sun’s rotatio axis). There may
tial structure of solar wind turbulence, in particular around well be kinetic interaction with thé B; component and not
the mean magnetic field, might be different between low-with § By. The simple implication would be not only non-
speed and high-speed streams. The three-dimensional energyxisymmetry but that the power in th€-direction would
spectra prefer extension primarily perpendicular to the mearbe greater than that in th&-direction. This expansion
magnetic field, and furthermore perpendicular to the mearcould, however, reduce power in tie direction more than
flow direction on the intermediate and small scales (1000in T, thus competing with the conjecture with the kinetic

Fig. 4. Values of the anisotropy index as a function of the tetrahe-
dral configuration paramet€ ;. The numbers (1)—(3) at the top of
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interaction. Further studies of the three-dimensional spec- Mogensen, P. B., Gustafsson, G., AadM., Gurnett, D. C.,
tra using Cluster data under various conditions of the solar Darrouzet, F., _Lemaire. J., Harvey, C. C,, Travni(_:ek, P, and
wind and the tetrahedron sizes will verify our results and the Whisper experimenters: Early results from the Whisper instru-
possible causes of anisotropy. ment on Cluster: an overview, Ann. Geophys., 19, 1241-1258,
doi:10.5194/angeo0-19-1241-2Q@D01.
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