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Abstract. Using four-point magnetic field measurements by 1  Introduction
the Cluster spacecraft, we statistically analyze the magnetic

field and electric current configurations during rapid Cross-gpeiser and Neg4967) noticed that the magnetotail current
ings of the current sheet observed in July-October 2001 agneet frequently moves in the north-south direction. This mo-
geocentric distances of 1. The database includes 78 tjon which has been referred to as flappihgi(et al, 1978,
crossings, specially selected to apply multi-point data analyprovides the possibility to probe the structure of the current
sis techniques to calculate vector derivatives. Observed bipogheet during multiple crossingS€rgeev et al1993 and de-

lar variations ofj;, often with| j;|> j, indicate that the elec-  guce an electric current density within the sheBergeev

tric currents follow kinks of the current sheet. The currentet 51, 1999. The interpretation of measurements during
density varies between 5-25nAImThe half-thickness of flapping was sometimes based on suggestions that flapping
the current sheet during flapping varies over a wide rangejs an up-down motion of the magnetic field, together with
from 1 to 20 ion thermal gyroradii(,, calculated from av-  plasma Gergeev et al.1999 and that the current sheet is
erage temperature and lobe magnetic field for each crossingy planar structure, with current distribution described by a
We found no relationship between the tilt angle of the cur-Haris (1962) function$anny et al.1994. However, even
rent sheet normal and the half-thickness. In 68 cases thgjngle-spacecraft measurements show indications that the ge-
magnetic field curvature vector has a positive (earthward)ometry of the magnetotail current sheet is more complex than

X-component. Ten cases with a negative (tailward) cur-g planar surface, and that the sheet may be corrughtéd (
vature, associated with reconnection, were detected withiryt 51, 1978 Nakagawa and Nishigld989.

0<Ygsm <7 Rg. The minimum curvature radii vary mainly
between 1 and 1D.,, and the adiabaticity parametex1

for 73% of the events. The electric current density during
flapping is often off-central, i.e. the main current density is
shifted from the neutral sheetB;|<5nT) to the Northern

or Southern Hemisphere. This is most likely a temporal ef-
fect related to the flapping. The analysis shows that the flap
ping motion of the current sheet is associated with kink-like
waves on the sheet surface. The kink fronts, tilted in the
Y—Z plane, moved toward dawn in the morning half and to-
ward dusk in the evening half of the magnetotail.

Case studies of the magnetotail current sheet with the
Cluster four spacecraft constellation show that short-term
(~30s— several minutes), large-scale variatiof8{~15—
30nT) of the magnetic field, which are typical manifestations
of flapping, are associated mainly with wave-like structures
on the current sheet surface, propagating in the cross tail di-
rection ghang et al. 2002 Runov et al, 2003h Sergeev
etal, 2003. Sergeev et a(2004 have shown by multi-point
timing analysis that near the flanks{®& sy |<15RE) the
flapping waves propagate from the central sector of the mag-
netotail toward the flanks. Moreover, the distribution of the
Keywords. Magnetospheric physics (Magnetotail; Plasma current Qensitywithin such transients is often far from that in
sheet) the Harris sheetRunov et al.2003h Sergeev et a/2003.

In this paper we provide a statistical survey of the current

sheet geometry, magnetic field gradient, curvature, and cur-

Correspondence toA. Runov rent density distribution during rapid crossings of the sheet
(andrei.runov@oeaw.ac.at) during the 2001 Cluster tail season.
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2 Method numerical experiments show that the direction of the current
is reconstructed with an error of less tharf 2@thout any

Calculations based on the reciprocal vecto@hdnteur  dependence on the tetrahedron configuration, but the current
1998 allow one to estimate the magnetic field gradient, curl, density magnitude might be underestimated up to 30%. The
and divergence using linear interpolation between the Clusscales is also underestimated up t015%, depending on

ter tetrahedron nodes. Another method, based on a leasthe tetrahedron configuration and the mutual orientation of
squares minimization (Harvey, 1998), yields consistent retetrahedron and model current sheet. Non-regularity of the
sults Chanteur and Harveyt998. Both methods are sen- spacecraft tetrahedron produces also some asymmetry of the
sitive to geometrical factors of the tetrahedron, such as itseconstructed current density profile with a displacement of
elongationE and planarityP. During the tail season (July the peak of up tat500 km fromZ*=0. In turn, the mag-

to October) the Cluster tetrahedron is nearly regular withnetic field curvature radius, being proportional to a reciprocal

E<0.1 andP<0.1 (Chanteur and Harveyl998 which is  value of a magnetic field gradient, might be overestimated.
well-suited for calculations of the vector derivativéopert

et al, 19983. Test calculations and applications of the

curlometer for Cluster data are describedynlop etal. 3 Data

(2002. Calculation of curl and divergence Bfin the mag-

netotail lobe gives the median value 08823 nT/1000km  During the 2001 tail season (from mid of July until the end of

and 0.210.17 nT/1000 km, respectively. October) the Cluster quartet crossed the magnetotail plasma
Gradient estimates can also be used to estimate the magheet in the configuration of a nearly regular tetrahedron with

netic field curvature vectd€=(b-V)b, whereb=B/B. The  the maximal scale of 1700-2000 kBgumjohann and Naka-

curvature radius is the reciprocal value of the curvature vecmura 2005. The 1-s averaged magnetic field data from the

tor R.=1/C. The accuracy ok, estimation using four-point  Flux Gate Magnetometer (FGMalogh et al. 2001) and

measurements in the magnetotail is discusse8lin et al.  the 2-spin (normal mode) and 1-spin (4s, burst mode) av-

(2003. eraged data from the Cluster lon Spectrometry experiment
The local normal to the current sheet can be obtained byCIS, Réme et al.2001) are used for the statistical analysis

Minimum Variance Analysis (e.gSonnerup and Schneible presented below.

1998, by four-point timing analysisHarvey, 1998, or by We use the following criteria to select rapid current sheet

using VB2 (Shen et al.2003 or the Ix[V xB] direction,  crossings. First, we selected the events with large and rapid

wherel is the magnetic field maximum variance eigenvec- variations of|B,| at the Cluster barycentets|B,|>15nT

tor (this study). during time interval 3&7<300s. During the 2001 tail sea-
Using the estimated magnetic field gradiéf and as-  son, 198 such cases were found. From this large data base

suming that rapid crossings of the magnetotail current sheegnly “complete” crossings, during which all four spacecraft

are due to a translational motion of the entire sheet with ve—ross (or, at least touch) the neutral sheet regiBp| &5 nT),

locity U, were selected for further analysis. Besides, by visual inspec-
JB 9B tion we selected smooth crossings without significant short
T + (U-V)B=0, (1) time scale fluctuations and with similar shapes of magne-

_ _ _ tograms at all four spacecraft. For final selection we calcu-
where integration o/, (component of the translation veloc- |ate curl and divergence estimations using 1-s averaged FGM
ity along the current sheet normal) yields the effective coor-data. Since the main source of the magnetic field divergence

dinate across the current sheet is an error of linear interpolation of the field within the tetra-
. hedron, we selected events wjiA-B|/|V xB|<0.30 in more
Z* ()= / —[V By dt, (2)  than 60% of samples during the crossing (see Appendix).

It should be noted that the database does not contain thin
where B; is the main, maximum variance component of the current sheets with a thickness less than the Cluster tetrahe-
magnetic field (close t®, in the near-midnight part of the dron scale, like those presentedMgkamura et al2002).
magnetotail) andv,, is the gradient along the current sheet To avoid LLBL and magnetosheath samples, only cross-
normal. The half-thickness of the current shéetnay be  ings within—15<Y <15 R were used (no storm-time events
estimated as the width of thgZ*) profile at j=0.5maxj), in the near flank region are included into the database).
or using a fit to the Harris function. No selection by plasma parameters was applied. The final

To examine the accuracy of the estimations, a set of testlatabase contains 78 rapid current sheet crossings.
calculations was performed with the simplest Harris-type
current sheet (see Appendix) and with two shifted Harris
distributions (to model a bifurcated sheet) passing over &4 Event study
virtual spacecraft tetrahedron. Cluster configurations dur-
ing September 2001 (close to a regular tetrahedron), midlo illustrate our selection criteria and further analysis, we
July and end of October (maximum deviation from a regu- start by presenting one event. Figure 1 shows Cluster ob-
lar tetrahedron) were used for the model calculations. Theservations for a 500-s long interval aftel5:25 UT on 12
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August 2001 (se&blwerk et al. (2009 for a detailed de-
scription of this event). During this time Cluster was lo-
cated in the morning sector at-17.3, —6.0, 5.0]Rg (co-
ordinates of the barycenter). The relative positions of the
spacecraft are shown in the inserted box in Fig. 1. The Clus-
ter barycenter crosses the neutral sheet twice: first from north 3
to south, then in the opposite direction. The instances of neu- 0Es=s < : = K
tral sheet crossingsof, 702) are marked by vertical dashed !
lines. Crossing durations are100s. B, was small and var-
ied in between-3 and 3 nT, and, was positive and reached
10nT during the crossings. The proton velocity was small
(<100 km/s) at the beginning of the first crossing and around
zero during the second one, C1 and C4 spacecraft show ap-
proximately the same values. The proton density was unusu-
ally high (1.6—1.9 cm?®), and the proton temperature was 1.8
and 2.4 keV, for both crossings, respectively, which is lower
than the typical value{5 keV, seeBaumjohann et a/1989.
Thus, the Cold-Dense Plasma Sheet (CDPS), preceded by
~7h of positive IMF B, (ACE data, not shown) was ob-
served. -39
The Z-component of the electric current density « 2.00f
j=,u,61VxB calculated from four-point magnetic field mea- % 1.80E
surements was the largest component during both crossings,s- 1.60¢
and showed a bipolar variation; >0 during the first cross- > 54
ing and . <0 during the second one. This indicates a strong < 2.2
tilt of the current sheet in th&—Z plane. During the first =20
crossing the current density maximum is seen before the neu- 3
tral sheet crossing at barycentegy)( The magnetic field cur-
vature vector is directed earthward (positive curvature).
Visual inspection of theB, time series shows that a front
of the flapping wave moves dawnward (-Y) so that the C2
spacecraft (red trace) crosses the neutral sheet first and C4>w
(blue) last. The order of magnetograms and time lags remain
the same for both crossings: €2°3— C1— C4 with delays N : :
(with respect to C2) of 44, 20, 13 s for the first crossing and - 100 200 300 200 200
47, 10, 12 s for the second one. These timings yield a nor-
mal velocity of 25km/s with a normal directiom1=[0.15,  Fig. 1. 500 s of Cluster data from15:25 UT, 12 August 2001.
—0.99, 0.04], and 28km/s ana},=[0.16, —0.98, —0.12]  From top to bottom: By, By, B, from all four spacecraft; three
for the first and second crossings, respectively. Results of @aomponents oB at the Cluster barycentre; three components of
Minimum Variance Analysis (MVA) of the barycenter mag- the calculated current density X-,Y-, and Z-components of the
netic field time series are similar. For the first crossing magnetic field curvature vect@=(b-V)b; H* density, pressure
the MVA yields n;=[0.01, —0.99, 0.15] with an eigenval- and bulk velocity (three components) from Cluster 1 and 4.
ues ratiorp/13=8.57. For the second crossing the minimum
and intermediate variance directions are not well resolved
(A2/23=2.17). We also computed the normals to the cur-b) and c) illustrate the vertical scale estimation made using
rent density direction using the maximum variance compo-Eq. (2) with the additional conditioZ*(z9)=0. These cal-
nentsly 2, (A1/12=128.1: first crossingh1/A2=408.5: sec- culations yield an amplitude of the kink of 6000 km which
ond crossing) and computiny;=lxe;, wheree;=j/j isa s equal to the kink length. It should be noted, however, that
unit vector along the current density direction, for both cross-the accuracy of the amplitude estimate is rather poor for the
ings. The results ara;,=[0.12, —0.86, 0.46],n;,=[0.05, structures with scales of the order of the inter-spacecraft sep-
—0.95, —0.22]. This gives a consistency between timing- aration scale (see Appendix). There were no current sheet
and current-based normals;;-n;,=0.89 and,-n;,=0.97. crossings during 30 min before and 30 min after this kink
The results of this case study are summarized in Fig. 2(Volwerk et al, 2004, which implies that this structure could
Panel a) shows a diagram inferred from the sheet orientabe a solitary wave. The kink velocity,~25 km/s obtained
tions obtained: Cluster passes through a quasi-rectanguldrom the timing is similar to th&’-component of the ion bulk
kink in the current sheet. The length of this kink (size in velocity (see Fig. 1). Therefore, this kink may be transported
the Y direction) estimated from timing is6000 km. Panels  with the ion flow.

Bx, nT

By, nT

Bz, nT

B, nT

-10

0.6 1 E
04f @Y ‘ : 3
02F ”XA\/\‘\ \ E

C, 1/10"3km  j nA/m/m

y, km/s  Vx, km/s




1394 A. Runov et al.: Electric current and magnetic field geometry

V4 —10F - . * eemee E
a) -— 2 ] " : .
% = L4 N ST T
.j " QTS - cetmel T ;
20
VY 13 14 15 16 17 18 19 20
é é E -X, RE
6F T
Y 4 ;_ | ‘.' 1
w 2 ;_ . I °
@ O;_ _____ _.,_"_._L‘T‘______: _____
b) 3 H |
2 -4 :
_6 F
E 2 20 10 0 -10 -20
< ; Y, RE
o
S 1
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o 0 0 barycenter) projections onf’ —Y’ andY’—Z planes for the 78 se-
N lected casesX’, Y’ - aberrated GSM coordinates, see explanation
-1 -1 in the text).
0O 40 80 120 0 20 40 60 80 100
C) T, 8¢C 1. X'=X cog3.5°)—Y sin(3.5°) and
8 5 8f Ji 2. Y'=X sin(3.5°)+Y cog3.5%).
7 ' :
N‘\a 6 6 E The cases are distributed withinr12<Y’<12Rg and
< 5 : —2<Z<5.5RE. Following seasonal changes, the neutral
i 4 sheet crossings are asymmetrically distributed initheZ
4 5 plane: During July—August (morning sectdr,<0) the neu-
3 . A . tral sheet was, on average3 Rg above theZ=0 plane, and
2 bt R during October (evening sectdf,>0) the neutral sheet po-
-t 0o 1 2 -t o 1 2 sitions are located below thH&=0 plane. The position of the
Z*, 1000 km neutral sheet at midnight was slightly above (1.8 the

nominal magnetic equator. A detailed analysis of seasonal
Fig. 2. (a) An interpretation of 12 August 2001 data: Sketch of changes of the neutral sheet geometry using Cluster 2001~
the electric current geometry in the- Z plane;(b) Changes inthe 2003 data was performed Betrukovich et al(2005.
Cluster barycenter position during the crossings with respect to the .
neutral sheet4*=0); (c) Reconstructed current density profiles. 5.1 Plasma properties

Figure 4 shows the distributions of average ion density (top

Using estimates of* we reconstructed the current den- Panel, Ny+: crosses,Ny++No+: circles), ion tempera-
sity profiles during both crossings (Fig. 2c). Both profiles areture (middle panel T+ only) and maximum and median
single-peak, shifted by 1000 km froB, =0 during the first ~ H* — ion bulk horizontal velocities/,,=,/ V24 V2 (CIS-

crossing and centered at the neutral sheet for the second ongODIE data from Cluster 1 and 4 are used for the statis-
The current sheet during both crossings was sufficiently thintical analysis). To avoid any influence of PSBL samples
with a half-thickness of 1500 km. These results can be sim{where counter-streaming beams could lead to an apparent
ply verified by visual inspection of thB, time series (Fig. 1, high parallel temperature; see eBaumjohann et al1988),
upper panel): At the instance140s, first crossing, Clus-  the average values were calculated using samples with corre-
ter2 deteCt$x=O while Cluster 1 deteCth:].S nT, which Sponding| B.|<0.5B;, whereBy, is the lobe magnetic field,

is rOUghly half of the lobe field value. ThUS, the distance be_BLZ(B2+2MOPi)1/2a WherePi is the total ion pressure, cal-
tween these two spacecraft (1500 km) gives an estimate ofy|ated as the sum df+ andO* pressures.

the current sheet half-thickness. The ion density varies between 0.1 and 3.2 with the max-
imum occurrence rate &f;~0.4cn 3. Three cases with an
ion density less than 0.1 cm at Y'~7 Rx were observed

5 Statistical survey during the 1 October 2001 storm, when the plasma sheet
was mainly populated by ©ions (Kistler et al, 2005.

Figure 3 shows the spacecraft locations during neutral shedfour cases with extremely high ion density up to 3.2ém

crossings for the selected 78 cases. We use aberrated GSM Y'~2 Rr were observed on 14 September 2001, during

coordinates (see, e.ddpri et al, 2000 a long period of northward IMFRetrukovich et a).2003.
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The ion temperature varies in a wide range fréom2 keV W

to T;~10 keV. Therefore, our database includes a broad spec—-
trum of plasma conditions ranging from a hot rarified plasma
sheet to a cold dense one.

In 52 of the 78 cases the average horizontal ion bulk ve-
locity (Vy,) was less than 100km/s, in 17 cases it ranged
between 10&V,, <300 km/s. In more than 60% of the cases
(50 out of 78) the maximum ion bulk velocity was less than
200km/s. High-speed horizontal flow wit,>400 km/s

15

was detected in 14 cases (maximum velocities were counted).

All of them were observed in the pre-midnight half of the

10 1

2

4 16 18 20
-X! RE

10 12 14 16 18 20
-X} RE

magnetotail. Therefore, the majority of crossings represents

low velocity events. Fig. 5. Distribution of Y and Z components of the normal veloc-

ity V,, resulting from timing analysis of current sheet crossings in
the post-midnight (crosses) and the pre-midnight (circles) sectors
(upper panel) and projections \¢f, onto theX’—Y’ (left-hand bot-

To survey the current sheet orientation and motion, we used™ Panel), the shadowed box indicated the area omitte3tbyeev
timing analysis of the magnetic field time series. et al. (2009); Right-hand bottom panel: Projections of maximum

i i /
Figure 5 shows a distribution df- and Z-components of variance MVA eigenvectors onto itk —Y" plane.

the current sheet normal velocity of the current sheet, result-

ing from timing, (upper panel) and projections of the normal

velocity onto theX’—Y’ plane (bottom panel). The results ~ '~ ~ ;

show that in most cases the current sheet normals lay in tth'dn'ght sector (&Y'<7 R).

Z — Y plane, where th&-components of the normal vectors ~ The right-hand bottom panel of Fig. 5 shows the projec-

are smaller than it¥ and Z ComponentS, therefore, points tions of maximum variance MVA eigenVECtOl’S. Compal’ison

are close to a unit circle in th&y —N p|ane_ Moreover, in of the two bottom plOtS shows that the current sheet struc-

69 cases (89%) the normal velocities have a negatigpem-  tures (like in Fig. 2) are propagating basically perpendicular

ponent in the post-midnight sector, and a positiveompo-  t0 the main magnetic field.

nent in the pre-midnight sector. Th& —Y’-projections of Using timing analysis we estimate normal velocities of

the normal velocity (Fig. 5, bottom panel) show that most of the kink fronts and scales (half-thickness) of the structures,

5.2 Orientation and motion

the exceptions came from the pre-midnight part of the near-
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Sp=V,t, where t is a crossing duration fronB,=0 to 10121416 18 20 10121416 18 20
B,=maxB,|. The results are presented in Fig. 6. In 53 -X RE —X RE
cases (68%) the normal velocity of the sheet was low, be-_ ) o
tween 30 to 70 km/s. Only 17 cases with velocities betweerf '9: 7- Electric current and curvature directions. Upper panel:
100-300 km/s were found. The corresponding thickness ot) 'Str'bUt'On,Y andZ components of the unit vectoeg=j/j; Bot-

. . om panels: Projections &; (left-hand panel), and projections of
the structures varied from 1500 km to 10000 km, with the ec=C/C (right-hand panelj) onto thi’— Y’ plane.
maximum occurrence at 2000-3000 km. The bottom panel
of Fig. 6 shows the occurrence rates of the estimated scales,
normalized to the characteristic scales of the tetrahedron 2a . . . .
(seeRobert et al. 19988, calculated for each crossing time cating that el_ectrl_c curre_nts often deviate from_ the nominal
to. The ratioSy, /(2a)>1 in 99% ands}, / (2a)>3 in more than fjaw_n-dusk direction during current_sheet_flapplng events., as
50% of the cases. Therefore, the use of the linear gradient ed? Fig- 2. There are four events with a significant negative

timator technique is justified for most of the crossings in our Y component ok;. This may be explained by an increase
database. in the kink front steepness up to its overturn, similar to the

situation described b¥hang et al(2002.

5.3 Electric currents in the neutral sheet The left-hand bottom panel in Fig. 7 shows projections of
the electric current direction in thé¢' — Y’ plane. The electric

To survey the directions of electric currents we calculatedcurrent basically has a negati¥ecomponent in the morning

the current unit vectog=V xB/|V xB| in the neutral sheet sector and a positive one in the evening sector. An occurrence

(IBx|<5nT). The distribution ot - and Z-components oé; rate analysis shows that in the post-midnight sector in 7 cases

is shown in Fig. 7 (upper panel). The electric current direc-from 23¢; >0 and in 16 cases; <0; in the pre-midnight

tions are equally distributed in thg , >0 half-plane, indi-  sector in 37 cases; >0 and in 18 cases; <0. Therefore,
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predominantly, the neutral sheet current is directed, as ex-
pected, perpendicular to the flaring tail magnetic field.

Projections of the normalized magnetic field curvature
vectorsec=C/C, whereC=(b-V)b onto theX’'—Y’ plane
are shown in Fig. 7, right-hand bottom panel. The curvature
displays the corresponding behaviour. In most of the cases
(68 of 78) the magnetic field curvature vectors are directed
earthward ¥ >0), as expected on closed magnetic field lines
of the plasma sheet. In 10 cas€s<0; the negative cur-
vature means that Cluster is situated on magnetic loops or
tailward of the reconnection region. All these situations in
our database are detected in the pre-midnight sector. In the
post-midnight sector in 19 cas€s>0 and in 4 case€, <0,
in the pre-midnight sectaf, <0 in 34 cases and, >0 in 21
cases.

In order to examine the mutual orientation of the maxi-
mum variance eigenvectotsthe current sheet normaits,
defined by timing analysis, and the electric current direc-
tions e;, we compare their dot products angn;, where
n;=lxe;. The results are shown in Fig. 8.

Data points cluster around the point (0, 1) on both pan-
els, indicating the expected relationship between these direc-
tions: The timing normals are generally orthogonal to the
maximum variance eigenvector and collineamto At the
same time, the difference betweapandn; is not negli-
gible: Only for 32% of cases are the angles between these
two normals are less than 4,5and for 76% of the cases are
they less than 30 This difference stems mainly from non-
orthogonality ofe; andl (Fig. 8, right-hand panel).

5.4 Characteristic scales

To estimate the amplitude of the current sheet flapping we
calculateZ* according to Eq. (2). All events were visually
inspected to exclude cases with non-monotonous changes in
Z* with time. Only 67 crossings are suitable for the scale

estimation. For these cases the characteristic gradient scales _ _ _ o o
Fig. 8. Mutual orientation of the main magnetic field directibn

timing normaln;, andn ; =Ixj/j.

h were estimated as the half-thickness of j&*) profile.
Distributions of the flapping amplitude=|max(Z*)| and the
scaleh versusY’ are shown in Fig. 9 (upper panel). Another
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characteristic of the current sheet scale could be the mediaﬂetic field. The Harris scale results from the calculation of

value of the magnetic field curvature radius in the neutral
sheet R..,) and minimumR, value, averagingR. values
within 8 s (~2 spacecraft spins) around the actual minimum

of R. during each crossing. The middle panel shows the dis+=

tribution of the median in the neutral sheet (equatoRg)

9By /3dZ, expressed in the current sheet coordinate system as

(1]

®)

and minimum values of the magnetic field curvature radiUSWhereBl is the main component of the magnetic field, and

R., calculated for the selected 67 crossings vensusThe
results show that both flapping amplitude and séaleave

V,, is the component of the magnetic field gradient along the
normal. For the 64 selected crossings we estinjateus-

a tendency to increase toward the flanks. For the magnetimg median value o, B;. The relative standard deviation
field curvature radius this tendency is less pronounced. Only; () /1 varies in between 0.07 and 2.7. On average, the Har-
a very weak correlation (R0.2) between the current sheet ris scalex is a factor of 2 larger than the scalesee Fig. 9

scalesh and the median curvature radii was found.

An alternative way to obtain a proxy of the current sheet
half-thickness is a fit to the Harris functi@ =B, tanh(Z /1)

(bottom panel).
Figure 10 shows the occurrence rates of the current sheet
half-thicknesse#&, magnetic field curvature radii in the neu-

using the lobe field; and the estimated gradient of the mag- tral sheet (equatoriak.), and minimumgR.. The estimates
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Fig. 9. Distributions of flapping amplitude (crosses), current sheet
half-thicknesses (circles) and median radii of the magnetic field cur-
vature in the NS KCEqv crosses) and minimurR, (circles) versus Fig. 10. Occurrence rates of current sheet half-thickne¢saad

Y’ (upper pane|); Bottom pane|: Comparison of gradient sdales magnetic field curvature radRC (minimum and median in the NS)

calculated according to Eq. (2) and Harris scales, Eq. (3). h andR, are normalized by the characteristic plasma staje(see
details in text).

of » and R are normalized to a characteristic plasma scale  ,n¢
. + + .

(the proton thermal gyroradiL.,, calculated from proton sE " E
temperature, averaged for each crossing using samples witke E + ¥ 3
|B¢|<0.5B;, and the lobe magnetic fiel#l;). L., varied g 10F + 1 +
between 130 and 700 km with a mean value of 343km. The s o Foe ot ]

. . . . . 5 it + + +
half-thickness: varies within a rather wide range af,,: In ; ; . i N T, + o,
38 cases out of 67 (57%) the current sheet was relatively thin Ot * -
with 1<Z*/L.,<10, and in 29 case8*/L.,>10. No re- 3 o8
lationship was found between the scale estimatasd the SE . . . ° 3
current sheet tilt. The most frequent value of minimé&mn § £ o o
varies in between 1-5 ion thermal gyroradii.f), but the 2 E . ° . o o 3
most frequent median value & in the neutral sheet is be- 2 § ’ g o 8 . o © o ]
tween 1-1Q.,. ok b.8 50 . 8 ° 8 E

Figure 11 presents distributions of median magnetic field 15 10 5 0 -5 -10 -15
Y, RE

in the neutral sheeBst,/(By)2+(Bz)2 (() denotes av-
eraging within|B,|<5nT), and the adiabaticity parame- Fig. 11. Distributions of the median magnetic field in the neutral
ter k=,/min(R.)/pp, Wherep,=L.,Bys/B; is the proton  sheetBys (upper panel) and the adiabaticity parameatébottom
thermal gyroradius in the neutral shestys varies between panel) versug’.

1.0 and 18.1 nT with the median value of 3.6 nT. khpa-

rameter is generally smaller than unity (median value is 0.6)

which indicates a non-adiabatic motion of protons in the flap-
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30F 3 6 Discussion

N
o
T
&

E The statistical survey of rapid crossings of the magnetotail
%é . ., 0% 3 current sheet shows that Cluster mainly crosses corrugations
é 8 g o 8 3 of the sheet surface, similar to the one shown in Fig. 2.
" The current sheet normal is tilted in theY —Z plane; ac-
Y' RE cording to the timing analysis, in 54% of the cases stud-
ied the tilt anglep=atar(|N,|/|N;|)>45°. These kink-type
+NH waves, responsible for the sheet’s corrugation, mainly prop-
°oSH o ] agate dawnward in the post-midnight sector and duskward in
the pre-midnight one, as was shown®grgeev et a(2004)
using only the data from near-flank crossings. Inclusion of
B0 ylor +° * the near-midnight sectdl’ |<8 Rg, omitted in the previous
+c?.¢°° w0, study, generally does not change this conclusion. However,
ngm*g ] ° ] most of the exceptions are located in the evening half of
?}f - the near-midnight sector with<¥’<7 Rg (Fig. 5). As fol-
of ae 1 1 ] lows from the timing analysis the flapping wave fronts move

0 = 10 15 20 o5 mainly perpendicular to the main magnetic field direction,
i_NS, nA/m? except for several cases withirk®'<7 Rg. Their normal

velocities vary between a few tens and 300 km/s.
Fig. 12. Upper panel: Distributions of the maximum currentdensity  pa study of the electric current direction during flapping
(crosses) and median current density in the NS (circles). Bottom

panel: Distribution of median values pf| in the NS and out of the confirms the timing results_: In 51%. (.)f the cases the angle be-

NS. tween theZ=0 plane (nominal position of the neutral sheet)
and the calculated current density direction is larger than 45
In 44 caseg; was positive and in the other 34 <0. The di-

ping current sheet. BotBys and«x have a tendency to be rections off are mainly perpendicular to the normal obtained
more scattered in the post-midnight sector than in the prefrom the timing analysis. Therefore, the electric current ge-
midnight. No pronounced statistical relationship between thePMetry, described in the example case (Fig. 2) seems to be
x-parameter and the current sheet half-thickness was foun§ommon, confirming that flapping is not a simple up-down
(R=0.15). motion of a planar current sheet with dawln—dusk dlr.ected cur-
Figure 12 shows distributions of the maximum and median"€"t but s due to gurrent sheet corrugatlons, moving toward
current density within the neutral she¢B(|<5 nT) for 78 the f_Ianks perpendlcul_ar to the main magr_let|c field. Some
crossings (upper panel). As it was mentioned in Sect. 2, th&aution follows from_thls resu_lt: The propertl_es of the cu_rre_nt
current density value may be underestimated by up to 309S"€€t observed during flapping are properties of the kinking
and values shown in Fig. 12 rather give their lower estimatesCUeNt sheet, and they may be different from properties of a
The most frequent current density value varies between 5 anaormal current sheet.
10 nA/n?. There is a tendency for the current to be stronger Values of the current density resulting from the linear es-
in the dusk sector than at dawn. The largest current densitfimation of theV xB are underestimated, because of the rel-
in our database was observed during a strong storm-time suttively large inter-spacecraft separation during the 2001 tail
storm on 1 October 200Rnov et al. 20033 Kistler etal, ~ period, however, typically they are by a factor of 2 larger
2005. than the values obtained by analysis of longer crossings (3.5
To characterize the current density distribution in the NA/M? Zhang et al.2009 and statistical values of the cur-
sheet we compared the mean values of the current derf€nt density in the plasma sheet, calculated from measured
sity within the neutral sheetj{s) and outside the neutral ion and electron moments (1-3nAlmKaufmann et al.
sheet (,;_ws) for the northern (NH, &B,<15nT) and  200D.
the southern (SH-15<B, <—5nT) halves of the current Comparing the current density within and outside the neu-
sheet (Fig. 12, bottom panel). In 55% of the selected crosstral sheet, we found that the current sheet during flapping is
ings (43 of 78) the current density is larger in the neu- often off-center: The main part of the current is shifted from
tral sheet:(|jl)ns>(ljl)orr—ns, in the remaining 35 cases the neutral sheet to the northern or southern half of the sheet.
the current density distribution is off-center. Eight out of A simple check of symmetry, a comparison between median
these 35 cases show a bifurcated current sheet: The meamrrent density in the Northern and Southern Hemispheres,
value of the current density in the southern half is compa-shows that most frequently the current density has an asym-
rable with the current density in the northern half, namely, metric distribution. Similar analysis, performed Bgano
(Iihsa<(Jjl)ng-(1£0.25). In the other 27 cases the cur- etal.(2005 for non-flapping intervals, yields off-central cur-
rent sheet is asymmetric with a larger current density in onerent density distribution only in-20% of the events. Thus,
hemisphere. asymmetry seems to be a feature of the kink-like waves, and
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is most likely a temporal effect rather than a stable feature otteristic plasma scalé.., and the median value a®./L,
the current sheet. in the neutral sheek.,,~1-10. The magnetic field in the
The magnetic field curvature is an important factor con- neutral sheet ranges betweea B, <7 nT, and the param-
trolling particle and wave motions in the current sheet. eterk is less than unity for the largest part of the selected
Our study shows that the kink-like waves, responsible forcrossing, indicating the non-adiabatic character of ion mo-
flapping, mainly propagate in a magnetic field with posi- tion in the neutral sheet vicinity (e.diichner and Zelenyi
tive (C,>0 — earthward) curvature, that is on closed field 1989. However, several crossings with a large curvature ra-
lines, with minimum curvature radii varying from500 to  diusR./L.,>20 were also found.
10000 km. Generally, this agrees with the values reported by The half-thickness of the current sheet during flapping
Shen et al(2003. varies in a broad range from 1 to 20,, with a maximum
The fact that the flapping waves propagate through aoccurrence rate at 5-10,,. We found no statistical rela-
curved magnetic field may be crucial for understanding thetionship between the current sheet half-thickness and the tilt
driving mechanism of this kinking. Indeed, neither Kelvin- of the normal.
Helmholtz (Nakagawa and Nishidd989 Ricci et al, 2004 No close relationship between the minimum curvature ra-
nor ion-ion kink Karimabadi et al.2003 waves propagate dius and the current sheet half-thickness was found. There-
in opposite £Y) directions from the midnight region. The fore, the minimum curvature radius should not be used as a
investigation of MHD eigenmodes of the Harris-type current proxy of the current sheet half-thickness, as was suggested
sheet without a normal component (e.gee et al, 1988 by Shen et al(2003.
Louarn et al.2004) also did not provide a solution. However,
ballooning-like waves, generated in a curved magnetic field,
can possibly propagate in opposttalirections Golovchan-

skaya and Maltsev2009. It should be emphasized that The analysis of the magnetic field geometry, plasma, and

flapping is most likely associated not with regular harmonic electric current characteristics was done for 78 rapid cross-

waves, but with a set of isolated kinks, as shown in Sect. 2. . X
- : . ings of the magnetotail current sheet during July—October
Moreover, they exhibit properties of strongly nonlinear os-

cillations, i.e. their amplitudes have the same order of mag-2001' We found that:

nitude as the thickness of the sheet, and wave front over- 1. Most of the rapid crossings are due to kink-like tran-

steepness does not seem rare. sients passing over the spacecraft. The normals to the
Excitation of large amplitude nonlinear kink waves with kink fronts are tilted in th& — Z plane. The electric cur-
phase velocity an order of magnitude less than the thermal  rents exhibit corresponding behavior. The kinks fronts
ion speed have been reported in PIC simulations of the bifur-  gre often close to vertical witly, | > j,, and sometimes
cated current shee$itnov et al, 2004. These kinks, devel- over-steepenedi{<0). They exhibit properties of non-
oping from the instability of the thin bifurcated current sheet, linear waves.
can be transported by plasma flow. The current sheet bifur- _ _ .
cation was observed in 10% of selected cases. We found a 2. The half-thickness of the current sheet during flapping

Conclusions

weak correlation between thé-component of the average
ion velocity and ther-component of the front velocity: The
correlation coefficient in the morning sector was R=0.64, and
in the evening sectorR0.5 (only cases witlv,, <200 km/s
were taken into account). The slope of the linear regression
was near unity in both sectors. Correlations betw&exom-
ponents of ion and front velocities are much weaker (near
0.3) in both sectors.

Crossings with negative (tailward) curvature, most likely
associated with reconnection, were detected in the evening
part of the near-midnight sector. High speed ion flows (see
Fig. 4), both earthward and tailward, were also detected in
the same part of the magnetotail. This agrees with the most
probable location of substorm onsets<©<8 Rg, Nagai
etal, 1998. Itis interesting to note that the exceptions from
the main rule (propagation from midnight toward flanks, see
Fig. 5) are also concentrated in this region of the magnetotail.
Therefore, sources of the flapping waves, are most likely sit-

varies from~1 to 20 ion thermal gyroradii (calculated
using the lobe magnetic field). No relationship be-
tween half-thickness and tilt of the normal was found.
Thus, kinking is not a feature of thin current sheets
only. In 68 out of 78 cases, the magnetic field curva-
ture vector was directed earthward (positive curvature).
The minimum curvature radius varies between 500 and
10000 km, showing no close relationship with the sheet
half-thickness estimation. In 73% of the crossings the
adiabaticity parametet, ruling ion motion in the cur-
rent sheet, is less than unity.

3. Kinking current sheets often have off-center and asym-

metric current distribution across the sheet, so that the
main current is shifted from the neutral sheet. This
seems to be a dynamic feature associated with the flap-

ping.

uated within &Y <7 Rg. However, more detailed analysis, Appendix A

including simulations, are needed to verify this observation.

According to our statistical analysis, the minimum radius To test the accuracy of the current sheet structure recon-
of magnetic field, curvature is comparable with the charac-struction described in Sect. 2, we performed a set of test
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Fig. A2. Average ratigV-B|/|V xB| with standard deviations (er-
rorbars) versus relative error of the current density estimate for
model1=500-4000 km.

o
6
§ [ are Bp=20nT andi=2000 km. Model normal translation ve-
€4t locity of the current sheet i8,=23.5 km/s. The crossing du-

ration ist=300s.
We first simulate the magnetic field time series from four
] virtual magnetometers and then calculate the tensor of the
4 B) 0 > 2 magnetic field derivatives using the linear curl estimator
Z*, 1000 km technique Chanteur 1998. Since the minimum variance
analysis (MVA) cannot be applied to determine a normal vec-

Fig. A1. Upper panel: Model of flapping motion of 1-D current {Or for the Harris-type current sheet (whef8.=3B,=0),

sheet, magnetic field intensity is gray-scale coded. Bottom panelthe sheet normal is estimated by combining MVA and cur-

Model (solid line) and reconstructed (asterisks) profiles of currentlometer results. From MVA we obtain the maximum vari-

density. ance eigenvector, which gives the direction of the main
magnetic field componenB; (in the example of Fig. Al
I=[0.957, —0.134,0.256]). Based on the known normal

calculations using a kinematic model of the current sheetdirection we compute the normal component B&f gradi-

To simplify the calculations we used the 1-D Harris-type entV,, B;j=V B;-n. To reconstruct the effective vertical co-

model: B,=Bgtanh(Z, /1), B,=B.=0, whereZ, is a coor-  ordinate Z* we integrate the effective translation velocity

dinate along the normal to the sheet. It is assumed that sucbi=d, B/[V,,B;/]~* in time during the crossing and s&t=0

a current sheet is moving with constant velocity without ro- whereB;=min(|B;|).

tation while keeping its structure and scale size. Figure Al (bottom panel) shows the reconstructed pro-

In the following we use the Cluster tetrahedron con- file of the current density.(Z*) (asterisks) and the model
figuration at 15:30 UT, 12 August 2001 (see example inprofile j,,(Z) (solid line). The maximum of the recon-
Sect. 4 when the spacecraft separations relative to tetrahestructed current density is m@ix)=9.06 nA/n?, which is
dron barycenter (in km) were [102%287, 490], F415, by 9% smaller than the model current density maximum
1110, 410], [77, 51-1174] and [-683, —874, 274], cor- maxj,,)=10.0nA/n?. The ratio|divB|/|rotB| is <0.30
respondingly, for spacecraft C1, C2, C3 and C4. Thus,for 63% of simulated samples. The half-thickness of the
the semiaxes of the corresponding pseudo-ellipsoid argeconstructed current density profilé7 (half-thickness at
a=697.0 km, b=694.5 km and ¢c=629.9 km, the characteristicj,=0.5maxj,)) equals 2160km, with a relative error of
size 2a=1394 km, elongation E=0.0036, planarity P=0.09310.08. The direction of the reconstructed electric current at
and the tetrahedron geometric faci@r,=0.95 (seeRobert  B,~0 is ;,=[-0.168, 0.461, 0.871], thus-e;,=0.02 and
et al, 1998k for definitions). l-e;,=7.451078.

First, we show an example of calculations for the current Applying multi-point timing analysis Harvey, 1998 to
sheet normal corresponding to the crossing at 15:27:40 UBimulated B, time series we obtained the effective nor-
12 August 2001 (see Sect. 4)=[0.123—-0.878 0.462]. The mal vectorn*=[0.117, —0.878, 0.463] and normal veloc-
current sheet normal is tilted by 62.81 the Y-Z plane, by ity V,*=23.6km/s. Since the normal magnetic field gradi-
11.3 in the X-Y plane and by 14°9n the X—Z plane - see ent is underestimated by10%, the translation velocity/

Fig. Al (upper panel). The model current sheet parameterss overestimated. It is varying in time from the minimum

model
*x%x%  reconstruction
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