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Abstract. Cluster observations in the magnetotail revealed Here we concentrate on a rather common type of obser-
an abundance of strongly inclined current sheets. We devation: a series of current sheet crossings, in which nearby
termine the magnetic configuration of a particular subset ofcrossings (in time) have significantly differing or sometimes
such phenomena: a series of sheet crossings, having signifédternating inclination. This phenomenon can be understood
cantly differing inclinations and occurring during quiet con- (in a first approximation) as a wave of vertical displace-
ditions. These wave-like variations appear to propagate azment of a notional neutral sheet surface (&bang et al.
imuthally and their magnetic amplitude and magnetic gradi-2002 2005. It is distinctly different from, for example, a
ent (current density) inside the sheet are proportional to theiback-and-forth flapping motion of a stationary configuration,
steepness (degree of inlcination). In spite of significant nor-which reveals itself as a series of current sheet crossings
mal direction changes between neighboring crossings up tavith the same inclination. The possibility and variants of
15, the magnetic field direction inside the neutral sheet re-such sheet modifications were earlier discussetuiet al.
mains almost constant. The wavelengths and spatial ampli€1978; Lui (1984; McComas et al(1986.
tudes are of the order of 2-#%. These observations are in- Since the main cross-tail current sheet is actually a 3-D ob-
terpreted as crossings of a quasi-periodic dynamical structurgect, formed by curved magnetic flux tubes, two variants of
produced by almost vertical slippage motion of the neighbor-deformation can occur (Fig. 1). During a bend-type change
ing magnetic flux tubes in the high-plasma sheet, rather flux tubes rotate, following the change in the sheet normal di-
than large-scale flapping of a stationary structure. rection. Alternatively, during a slip-type (shear-type) change,
flux tubes just shift (vertically) relative to their neighbors
and the magnetic field direction inside a sheet is not chang-
ing. Additionally, in the course of bending, the current sheet
thickness remains constant, while under a slip-type deforma-
tion the current sheet thickness diminishes proportionally to
the cosine of the sheet tilt angle.

Taking advantage of multi-spacecraft Cluster and Double
Star TC-1 observations we can distinguish these two vari-

The multl-_s pacecraft C_Iuster prole_ct pro_wdes an Oppom_’mtyants of dynamical behavior and determine several character-
to determine the gradient and orientation of a magnetic or.

. istics of the observed oscillations. In the following sections
p"f"sma structure. The first four years of C!uster Magnetoy, o event selection is described, several typical events are
tail obse.rvatlons revealed structura! comp!exﬂy of.t.he plasrnapresented and possible implications for local and large-scale
sheet with an abundance of crossings with significantly 'n'plasma sheet structure are discussed.
clined current sheetsSergeev et al.2004 Runov et al.

20053. In several targeted investigations, some such events

were interpreted as a wavy displacement of the main cross2 Event selection and the approach

tail current sheet plane, propagating flankwattang et al.

2002, or as a quasi-stationary structure of vertically shifted For this study we selected events with a “slow wave-like
flux tubes, flapping azimuthally around the spacecraft loca-change” ofB, (i.e. with at least two crossings in a row), oc-

Keywords. Magnetospheric physics (Current systems;
Magnetotail; Plasma sheet)

1 Introduction

tion (Petrukovich et a).2003. curring in a quiet high8 plasma sheet with plasma bulk ve-
locity below 100 km/s. Additionally it was required that cur-

Correspondence toA. A. Petrukovich rent sheet properties (normal, velocity, etc.) are decipherable

(apetruko@iki.rssi.ru) by the Cluster tetrahedrorPétrukovich et a).2005, with
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ZGsM B® ® ® ® ® be assigned to th&, gradient direction (assuming that the
Yasm J actual magnetic maximum variance direction most likely is
<+ <+ not orthogonal taX). This “magnetic normal” can be com-
Nominal horizontal puted instantaneously for each set of magnetic field measure-

configuration ®©® ® ® ©® ® ments by the four spacecraft. The alternative method is to de-
termine the normal and velocity along the normal, analyzing
interspacecraft time delays within the crossing (equivalent to

Slip-type deformation: the computation of the “time” gradiedt /dr) (Runov et al,
Flux-tubes shift, 20058. Magnetic gradient normals always point northward,
magnetic direction is while timing normals are in the direction of motion. Other

constant, thickness

decreases. O independent sheet characteristics are the maximum variance

direction defining the orientation of the main sheet magnetic
componentB;, and the electric current direction (computed
asVxB).

For the majority of our events the timing and magnetic
gradient normals were coincident and orthogonal to maxi-
mal variance and current vectors with an accuracy of about
10°-15. Therefore, the approximation of a planar sheet is
acceptable. Since angles between the experimentally deter-
mined normal, maximal variance and shear directions are not
Fig. 1. Variants of the cross-tail current sheet deformation. The exactly 90, we established for each crossing a similar or-
view in YZ GSM plane is shown, assuming nominal configuration thogonal proper frame of reference withlong the maximal
with By=0. See text for details. variance,m=n;,xI (n, is magnetic normal, averaged over

the middle of the crossing, as described in the end of this

section),n=[xm. Note that while the finalmn system is
leading and trailing crossings in each oscillation exhibiting established only for the whole crossing, the magnetic normal
a significant difference in orientation, and both sheets mov-can be computed with the time resolution of magnetic field
ing in the same direction (actually always away from the tail yector measurements.
center). However, contrary to thRunov et al.(20053 data In the planar uniform current sheet approximation only the
set, there were no additional limitations on the amplitude of B; component is created by the cross-tail current and van-
the magnetic field changes. Finally, after visual scanning ofishes in the neutral sheet, while the rest of the magnetic field
2001, 2002, and 2004 observations we selected several cle@p,,, B,) is constant and remains in the neutral sheet, reflect-
events (14.5 wave periods or 29 sheet crossings), detected gfg the flux tube configuration, IMF influence, etc. Hereafter,
both magnetotail flanks. the magnetic fields,, B,, (also converted back to GSM as

Cluster and Double Star TC-1 4-s resolution magnetic field B, , B}, B]) will be called the “sheet magnetic field”. In
data Balogh et al. 2001, Carr et al, 2005 were used for the  examining its changes from crossing to crossing, one can de-
analysis. Components y, z are in the GSM frame of refer- cide on the mode of sheet deformation, as explained in the
ence. The angles, 6 are in a special coordinate system, with Introduction and Fig. 1.

X as the polar axisRetrukovich et a).2005. Zero values of Finally, we describe an azimuthally propagating wave of
polar and azimuthal angles for a sheet normal correspond tthe neutral sheet plane with a simple mod&kZy- f ((w —

a horizontal sheet, i.e. a normal along th&SM direction.  kV,)t—k))+V,4t , whereV,,; andV,, are Doppler veloc-
The polar angl®, the colatitude, is measured from thi&Z ities due to some background bulk motian;— wave fre-
plane. Positive values correspond to normals, inclined earthguency;x — wave vector;Z, Y — local vertical and azimuthal
ward, negative — tailward. The azimuthal anglén theY Z directionsy — time; f (x) — some harmonic or other periodic
plane) is measured from the axis (positive for a normal function. Note that Z/0Y=tan(¢)=—Zokf’, that is, the
with a positiveY component). wavelength can be determined, if the sheet inclination and

With four-point observations one can determine the spatiathe oscillation amplitude are known. However, frequency
gradient, assuming a constant gradient (linearity) on the scaleemains unknown.
of spacecraft separation, the stationarity of the configuration, Table 1 contains spacecraft coordinates, solar wind condi-
and a constant uniform relative plasma frame velocity. Lo-tions and neutral sheet model characteristics. Table 2 con-
cal (independent at each spacecraft) variations overlaying th&ins sheet characteristics: normal and maximal variance di-
large-scale change in question are neglected. In the magneections, sheet velocity along the normal (positive i +
totail, plasma sheet observations of the magnetic gradient ardirection), as well as the sheet magnetic field with sub-
usually interpreted in the approximation of a uniform planar tracted B; maximal variance component. Table 3 contains
current sheet crossing. The sheet’s normal direction can thewave parameters: angles between the actual sheet normal

Bend-type deformation:
Flux-tubes rotate,
magnetic direction
follows the normal,
thickness is constant.

Ann. Geophys., 24, 1693704 2006 www.ann-geophys.net/24/1695/2006/
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Table 1. General characteristics of the crossings: Date, GSM coordinates, IMF, solar wind (SW) dynamic pPgssusdel neutral sheet
(NS) locationZ and normal direction anglefs6.

Date Cluster-3 positiolRg  IMF By, B;,nT  SWP; NSZRg NS¢, 0

021024 03:20-03:40 -12.2, 12.3,-0.4 0,-5 2.1 -0.9 -30.9,-16.0
021031 05:20-05:45 -10.5, 13.1,-1.0 5 -4 3.7 152 -45.4,-14.4
010803 08:53-09:25 -16.9, -8.6, 3.0 -8,1 6.0 1.99 -5.9,9.9
040803 06:35-06:50 -15.9,-10.0,1.8 -4,0 0.6 1.52 -1.5,6.8
040803 06:49-06:59 -15.9,-10.0,1.8 -4,0 0.6 1.57 -18,7.1
040803 06:58-07:08 -16.0,-10.0,1.7 -4,0 0.6 1.62 -1.9,7.3
040803 07:07-07:16 -16.0,-10.0,1.7 -4,0 0.6 1.65 21,74
040803 07:20-07:30 -16.1,-10.0,1.6 -4,1 0.6 1.85 -2.4,8.2
040803 07:28-07:43 -16.1,-10.0,1.6 -4,1 0.6 1.92 -2.5,8.5
040803 08:00-08:20 -16.2,-10.0,1.4 —4,2 0.6 2.05 -2.7,9.1
040803 08:17-08:30 -16.2,-10.0,1.3 -4, 2 0.6 2.12 -3.0,9.5
040803 08:30-09:00 -16.3,-10.0,-1.2 -4,3 0.6 2.14 -4.5,9.7
040803 09:07-09:22 -16.3,-10.0,1.0 2,4 0.6 2.17 -6.0,10.0

Table 2. The sheet configuration: the angles of normal and maximum variance directions, velocity along the normal (signed), sheet magnetic
field asB,,, B, and converted to GSMBy, B;, Bg, the angle between normals and sheet magnetic fields in the neighboring cressings

App-

Date Normab, ¢ Maxvard, ¢ Vi B, B B, B&, B, ann  opp

021024 03:20-03:40 10., -9. 50.8,-103.2 30.1 -1.2,8.0 -0.17,-2.00, 7.8
-30., -73. 56.9,-92.2 -37.9 9.0,44 -0.33,-0.90, 10.0 73. 9.

021031 05:20-05:45 16., 5. 44.4, -95.9 22.6 -2.5,3.7 -1.1,-1.50, 4.0
-38., —61. 48.2,-98.1 -25.2 2.9,2.6 -0.37,-0.95, 3.8 82. 11.

010803 08:53-09:25 -9., 54. 66.0,131.5 -15.2 -12.1,4.2 4.7,-4.40, 11.0
15., —-63. 70.7,128.3 8.6 12.1,5.1 2.4,1.40,12.8 118. 29.
—4.,58. 65.6,125.3 -39.2 -12.9,3.3 4.3,-2.90,12.8 121. 19.

040803 06:35-06:50  -26.,46.  54.3,97.3 -351 -54,22  15,-140,55
39., -84. 54.3,94.8 15.2 6.1,1.87 0.78,-0.57,6.3 136. 11.

040803 06:49-06:59 -21.,45. 56.7,105.9 -28.9 -4.7,2.8 1.91,-1.60,4.9
33.,-27. 56.6, 100.1 28.4 2.3,4.2 0.64,-0.14, 4.7 87. 20.

040803 06:58-07:08 -14., 39. 63.0,86.2 -29.5 -4.8,2.4 0.86,-2.00, 4.9
15., -9. 56.9, 79.3 24.0 -04,4.1 0.32,-1.23, 3.9 55. 6.

040803 07:07-07:16 -9.,18. 66.0,64.6 -10.1 -25,2.2 0.13,0.13,2.9
11.,-41. 71.0,125.1 30.0 44,41 0.95,0.95,5.9 61. 9.

040803 07:20-07:30 -8., 32. 57.7,72.0 =24.2 -3.6,2.2 0.32,-1.78, 3.9
35., —40. 51.2,99.8 15.1 39,41 0.82,-0.07, 5.6 80. 24.

040803 07:28-07:43 -10., 30. 54.2,87.6 -23.1 -4.2,3.3 1.12,-1.76, 4.9
18., -16. 43.1,61.6 13.5 0.4,3.8 -0.12,-1.69, 3.4 53. 15.

040803 08:00-08:20 38., -55. 55.7,98.8 26.6 5.1,34 0.40,0.33, 6.1
-26., 57. 55.2,101.4 -14.0 -5.8,24 1.5,-1.04,6.0 122. 16.

040803 08:17-08:30 34.,-67. 57.4,95.8 27.6 5.0,2.9 0.37,-0.00, 5.8
-28., 50. 57.7,98.7 -19.4 -5.8,2.5 1.31,-1.17,6.1 126. 13.

040803 08:30-09:00 23.,-31. 50.9, 119.8 14.9 1.9,3.3 1.24,0.30, 3.6
—-24.,42. 55.9,86.4 -16.8 —-6.2,2.2 1.35,-2.39,6.0 85. 26.

040803 09:07-09:22 27.,-91. 62.5,99.2 —-6.2 7.2,0.6 0.80,-0.39, 7.2
-34.,72. 595,943 -24.6 -7.3,0.9 0.92,-1.00,7.2 163. 4,

www.ann-geophys.net/24/1695/2006/ Ann. Geophys., 24, 168542006
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Table 3. Calculated sheet parameters: angle between the sheet normal and the normal to the model neutyal sieatange of magnetic
oscillation A By, gradient along the normalB; /9n, estimates of wavelengthand period.

Date anns  AB;,NT  3B;/on,NT/IRE XA, Rgp Half-period, s
021024 03:20-03:40 -33.8 23.6 24.6 5.4 450
-40.9 38.1 36.8 4.9 450
021031 05:20-05:45 58.3 41.8 33.6 45 660
-27.3 26.0 29.3 6.0 360
010803 08:53-09:25 62.5 29.0 35.0 2.9 660
-55.8 23.0 21.7 4.0 660
65.1 31.1 27.7 3.9 360
040803 06:35-06:50 56.5 18.3 21.9 3.1 360
-79.9 20.8 20.9 3.1 540
040803 06:49-06:59 53.8 13.2 18.6 2.7 270
-34.8 10.0 11.6 4.7 270
040803 06:58-07:08 45.8 9.2 15.1 2.6 240
-10.3 6.6 9.7 11.8 240
040803 07:07-07:16 25.8 7.5 14.3 3.7 330
-38.5 75 11.2 3.3 210
040803 07:20-07:30 37.9 6.1 11.2 3.9 255
-43.5 6.7 10.0 5.6 255
040803 07:28-07:43 37.2 5.4 13.1 2.1 210
-16.1 6.0 7.1 12.5 330
040803 08:00-08:20 -55.0 16.8 14.5 4.8 390
67.7 14.7 23.1 1.1 390
040803 08:17-08:30 -63.2 11.4 13.9 2.9 360
63.4 12.7 20.3 2.1 360
040803 08:30-09:00 -28.6 7.9 8.2 6.3 630
56.5 15.2 18.1 3.1 630
040803 09:07-09:22 -81.0 21.6 37.2 1.7 450
85.8 25.7 55.2 1.4 270

and the normal to model neutral sheet, defining local verti-changing in the course of the event frgm~5° to ¢ ~—61°

cal; AB; — magnetic field oscillation amplitude (computed (Fig. 2g). Figure 3 suggests reconstruction of this event,

as the difference between maximal and minilBgl 9 B; /dn probably taking into account the rather the inclined back-

—magnetic field gradient across the sheet, wavelength, crosground configuration (the normal to the model neutral sheet

ing duration, equaled to the wave half-period. Field, as(Tsyganenko and Fairfiel@004 has¢~—45°).

well as gradient values and normal angles in Tables 2, 3 . ) i

are averaged over the “middle” of each crossing, defined as Comparing two crossings, ths,, and B, (Figs. 2e, f)

BS—2nT<B|<Ba4+2nT, whereBf=(B""+ B"®) 2. components change S|gn|f|cantly, whise (which is aI'most
orthogonal toB;) is not changing. Note that two different
Imn frames are actually used in Figs. 2d, e, and f for the first

3 Events and second crossings.

3.1 31 October 2002 Table 2 contains values of sheet magnetic fiB|g, B,

andB,, B;, B! (Bm, By, transformed back to theyz frame).
Figure 2 presents a typical single wave, registered at the falhe difference between the normal directions of two neigh-
dusk flank. A positive-negative-positive signature in fie  boring crossings is 82 while the sheet magnetic field orien-
magnetic component (Fig. 2a), if measured with a singletation changes only EXtwo last columns of Table 2, see also
spacecraft, would be interpreted as an up-down-up, cross-takig. 3). The twoB; directions are close and almost earthward
current sheet motion. However, the four-point analysis (cal-in consistency, with the expected flux tube plane orientation
culation of the instaniB, gradient, equivalent to the sheet at a such location. The wavelength was found to be of the
normal, as explained in Sect. 2) reveals significant sheet tiltsprder of a couple of Earth radii (Table 3).

Ann. Geophys., 24, 1693704 2006 www.ann-geophys.net/24/1695/2006/
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3.2 3 August 2001

20

This event at the dawn flank was described in detail earlier
by Zhang et al(2002 and includes at least three clear sheet
crossings (Fig. 4). The model sheet is almost horizontal here
(Table 1). The main features of these crossings (stability of
B; and sheet magnetic field directions, etc.) are similar to
that of the previous example (Tables 2, 3). A new and inter-
esting feature is sharp rectangular normal direction changes
at waves maxima/minima, more typical to a triangular wave.

01
-104

Bx, nT

By, nT

Bz, nT

3.3 3 August 2004

Figure 5 presents probably the most fortuitous observation
of the phenomenon, providing the possibility to study a wave
train with a variety of amplitudes and tilts under rather stable
external conditions. Cluster was located at (-16.0, —10.0,
1.5) Rg, the normal to the model neutral sheésyganenko
and Fairfield 2004 was just 9 from the GSM vertical, and
the IMF had an azimuthal orientation (Table 1). We analyzed
waves, marked by the dark green rectangles (20 crossingsﬂrEJ
in 10 “pairs”, Fig. 5a). It is interesting to note, that even
some small maxima a8, of the order of 5nT between 07:00

and 08:00 UT, exhibit an alternating sheet orientation at their
leading and trailing edges (Figs. 5d, e). Crossings parameters
are detailed in Tables 1-3.

In Fig. 6a the difference between the normal directions for
pairs of consecutive crossings was compared with the differ-
ence between the respective sheet’s magnetic field directionsg.
The changes in sheet normal direction were 50=1&bile
the magnetic orientation was rather stable, varying only 5—
25°. According to Table 2] axis directions for all crossings
are similar and are pointing to the Earth.

There is a tendency for the total sheet magnetic field ®
(mostly B;) to be smaller for smaller tilts (Fig. 6b). In :gg’ ‘ ‘ ‘ ‘ 3
agreement with F|_g. §a, th_e aqgle petween the normals_ and 0520 0525 0530 0535 05:40
the sheet magnetic field directions increases for more tilted
events, so that the guide field componeBy;, Y dominates in Fig. 2. Event 31, October 2002: Magnetic field in GSMy: frames
more vertical sheets (Fig. 6¢). of reference (note thdtnn frames are different at the first and sec-

In the slip deformation model, thB; magnetic gradient ond crossings, therefore data are in two pieces). In (g, h) panels —
in the flux tube p|ane is constant, while the gradient Compo-normal direction in GSM. C1,C2,C3,C4 spacecraft are denoted by
nent along the normal should increase proportionally to anstandard colors —black, red, green, blue, respectively.
inverse cosine of the effective sheet tilt angle. In the bend
deformation model the gradient along the normal is constant.

Changes inl B;/dn are more consistent with the slip variant

(Fig. 7b). An unexpected feature is the clear proportionality

between the magnetic amplitudes and the tilt angles (relative

to the normal to the model neutral sheet) of the waves, so that The Double Star TC-1 satellite (at —10.66, —6.97, R@9
larger waves are steeper (Fig. 7a). Finally, there is some relasSM at 08:00 UT), which is usually at the same local time,
tion between wavelengths (2—%Rand tilt angles (Fig. 7c), but closer to Earth than Cluster, helps to check the radial ex-
but there is no clear frequency dependence (not shown hereent of these oscillations (Fig. 8). Though TC-1 was in the
Determination of a wavelength depends on a typef of) outer plasma sheeB(~30nT) and amplitudes of magnetic
function (see Sect. 2), defining the wave form. We used thevariations are smaller, some correlation with the larger Clus-
harmonic wave profile. ter oscillations is evident.

Bl, nT

'_
<

www.ann-geophys.net/24/1695/2006/ Ann. Geophys., 24, 168542006
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October 31 event configuration T ZGsm
Yasm

Observed sheets ‘ ‘ Stable magnetic field ‘
Observed normals, \
incl. velocity direction /‘ Model neutral sheet ‘

Fig. 3. The sketch of the 31 October 2002 double crossing. Shown are the tilted model neutral sheet plane, as well as crossing with significant
planes and normals (incl. direction of propagation along the normal) of two crossings, sheet magnetic field direction.

the same in the geophysical frame of reference and
changes significantly in thénn frame. The change

is especially noticeable iB,,, which often reverses

its sign from crossing to crossing. The maximal vari-
ance direction is also stable in consecutive crossings and
points approximately earthward.

2. The magnetic gradient along the normal (current den-
sity) increases with the increase of the tilt.

3. Magnetic amplitudes are related to tilt angles: larger
waves are steeper. Wavelengths are Rg5

4. Oscillations have some extent along the tail, being ob-
served on several spacecraft.

Bz, nT

5 Discussion

Our observational findings (1) and (2) definitely support a
model of an azimuthally propagating slip-type displacement
of magnetic flux tubes. All selected events happened to be
on the flanks, and are characterized by sniglland large
B, magnetic components, suggesting rather thick plasma
sheets. On a completely speculative basis, bending deforma-
tion might be more probable for thin intense current sheets
with large B, and smallB,, when neighboring flux tubes are
more coupled.
Earlier, a similar technique was suggested_iny (1984,
to distinguish between different types of plasma sheet defor-
mations. It was based on an analysis of magnetic field rota-
tions, observed by a single spacecraft in the course of a sheet
crossing. For example, in one case a hump-like configuration
4 Summary of observations was revealedl(ui et al,, 1978_. _ _
The accuracy of the estimates of spatial scales (ampli-
We analyzed a special sort of repeating quiet current shedtides and wavelengths) critically depends on the quality of
crossings with significant orientation change between neighgradient measurements. The four-point gradient estimation
boring events. These variations have the following commonassumes a linearity of magnetic profiles (constant gradient).
features: For a traversal of the inner part of a Harris profile, the gradi-
ent would be underestimated by a factor of 0.8—®ar{ov
1. The magnetic field direction (magnetic field with sub- et al, 20053. Wavelength estimates can also differ by a fac-
tractedB;) inside neighboring current sheets is almost tor of 1.5, depending on a choice of waveform (harmonic or

Fig. 4. Event 3 August 2001: Magnetic field and normal direction
angles in GSM frame of reference. Colors are as in Fig. 2.

Ann. Geophys., 24, 1693704 2006 www.ann-geophys.net/24/1695/2006/
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50 3
O 1 S S S E S S S S S S S T S T S S S S S S S E
06:30 07:00 07:30 08:00 08:30 09:00 09:z

Fig. 5. Event 3 August 2004: Magnetic field and normal direction angles in GSM frame of reference. Colors are as in Fig. 2. Dark green
rectangles at the bottom of par{a) denote intervals under study.

triangular). Periods and velocities of variations under studycannot be solved with Cluster spacecraft data only. Dou-
(minutes and tens of km/s) are of the order of that of tail ble Star TC-1 spacecraft, being abouwk g closer to Earth,
flapping, therefore background conditions may change sigrevealed some current sheet motion (seeBasB, varia-
nificantly in the course of an event and significantly affect tions), consistent with the Cluster variations and indicating a
the detected wave characteristics. possibly significant radial extent of the deformation. How-
If one considers such a series of sheet crossings as sonfer, it is unclear whether the smaller amplitude at the TC-1
proper wave mode of the plasma sheet, then the typical spd)OSitiOﬂ was due to its more distant location from the neutral
tial amplitude and wavelength are of the order of sevRgal ~ sheet, or due to a smaller amplitude change closer to Earth.
It should be noted, however, that only leading and trailingIn @ number of other observations, comparable amplitude
edges of an assored wave are actua”y observed as two Shd@agnetic field variations or simultaneous current sheet cross-
crossings (see also discussionfynov et al(20053). The  ings were detected by spacecraft 6 andRl9 apart radially
whole wave profile is unknown and is not necessarily sinu-and aligned in local timeRetrukovich et a).2003 Zhang
soidal (event, 3 August 2001). An interesting feature is a€t al, 2009. However, for those events, full identification of
link between the tilt angle of a sheet and the magnetic amplithe deformation mode was not performed.
tude of a variation, making larger-amplitude waves steeper. The discussed phenomenon should be understood as a dy-
Unfortunately it was detected only in one extremely fortu- hamic modification of the inner (high) plasma sheet - a
itous event of 3 August 2004 and cannot be verified on largeformation of an intensified layer with varying tilt, embedded
statistics because of significant spreads in data, taken frorin @ much thicker plasma sheet, rather than a steady sheet
completely different observations. profile with some large-scale bulk tail motion. Figure 9 is
The observed wavy deformation of the plasma sheet haéhe sketch of the modification in a.plane othogonaI toRhe
the mesoscale scope in the vertical and azimuthal directiongliréction, B,=0. Up and down motions of slipping flux tubes
extending a few Earth radii. Considering the radial direc- '€ S€€n as variations in contours of eqiiaimarked levels
tion, this deformation can be alternatively understood as art B Bo, 0). Itis assumed that the oscillation is smaller
azimuthally and radially localized dynamic “hump”, or as a far from the ngutral sheet: th_e amplitude of the variation in
coherent motion of a “slice” of plasma sheet flux tubes, occu-CoNtourstBy. is smaller than in contouts Bo.
pying a significant range of downtail distances. This problem

www.ann-geophys.net/24/1695/2006/ Ann. Geophys., 24, 168542006
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Fig. 6. Properties of current sheet crossings for 3 August 20@4:  Fig. 7. Properties of current sheet crossings for 3 August 2004:
The angles between sheet's magnetic field directions of neighboring@) Magnetic amplitudes of crossings versus the angle between the

crossings compared with the difference of the normal directifi)s.  sheet normal and the normal to the model neutral sheet for each

crossing.(b) The same for theé; gradient along the normal. Solid

Total sheet magnetic fiel ’V(B"+Bm) versus the angle between the ine denotes the inverse cosine depende(@elhe same for wave-
sheet normal and the normal to the model neutral sheet for eac

crossing.(c) The same for the angle between sheet magnetic field engths.
and normal.

the thickness is inversely proportional to the tilt. Therefore,

The magnetic amplitude of a wave is equal to the maximalthe dynamic inner part might be interpreted as the intensified
B level, Crossing the nominal neutral sheet p|ane in the(relative to Harris profile) inner current Iayer, embedded in a
course of an oscillationAp in the middle of the picture). thick current sheet/.), supporting the large-scale magnetic
If a virtual spacecraft is located near the nominal neutralfield reversal+B,. This dynamic layer has no permanent
sheet plane, it will observe magnetic oscillatiors=+ B, thickness, since it depends on the amplitude of oscillation
interpreted as crossings of inclined current sheets. As @nd tilt.
consequence of slip deformation, the distance between the A recently suggested type of ballooning mode, describ-
+ By levels (thickness) is smaller and the current density ising a displacement of the magnetic flux tubes in th&
larger, than that for the horizontal static configuration, andplane from the equilibrium position in the antisymmetric

Ann. Geophys., 24, 1693704 2006 www.ann-geophys.net/24/1695/2006/
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Fig. 8. 3 August 2004, GSM magnetic field for Cluster-2 (red), Cluster-4 (blue), Double Star-1 (black).

Fig. 9. The scheme of dynamic sheet modification. See text for details. The thin variable currenfglayeates the magnetic waveB,
observed by a spacecraft as a series of sheet crossings. The full magnetic gtdjiestsupported by a much thicker horizontal current
Jr.

standing wave, seen as a kink-like deformation of the curren6 Conclusions
sheet Golovchanskaya and Maltse?005, fits well our
observations. A further investigation is necessary to under-,

stand whether the oscillation amplitude and wavelength (OrOur investigation targeted wave-like variations in a rather

sheet tilt) are coupled in this mode, as was observed in th@met’ thick (largeB; ) sheet. However, similar fast crossings
experiment ' of strongly inclined sheets are frequently observed in rather

diverse conditions. Accurate determination of the magnetic
configuration, which is needed to decide on the type of sheet
deformation, is not always possible, especially in the case of
isolated single crossings, or in highly disturbed conditions.
Further insight into the Cluster magnetotail data, including

www.ann-geophys.net/24/1695/2006/ Ann. Geophys., 24, 168542006
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new analysis methods, is necessary to solve this problemylcComas, D. J., Russell, C. T., Elphic, R. C., and Bame, S. J.: The
on the whole. Besides a proper understanding of the plasma near-Earth cross-tail current sheet: Detailed ISEE 1 and 2 case
sheet structure, the investigation may reveal details that are studies, J. Geophys. Res., 91, 4287-4301, 1986.

of interest for basic plasma physics, namely, self-consistenPetrukovich, A. A., Baumjohann, W., Nakamura, R., Balogh, A.,
adaptation of the current density to varying sheet thickness Mukal, T., Glassmeier, K.-H., &me, H., and Klecker, B.. Plasma

. : sheet structure during strongly northward IMF, J. Geophys. Res.,
and values of normal and guide magnetic components. 108(A6), 1258, doi:10.1029/2002JA009738, 2003,
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