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Abstract. A detailed analysis of successive tailward flow and mainly tailward beyond this distancélggai et al.
bursts in the near-Earth magnetotaf {—19Rg) plasma  1998h Baumjohann et al1999. Recent statistics of BBFs
sheet is performed on the basis of in-situ multi-point ob- at the Cluster orbitR~19 Rg) shows that only 22% of the
servations by the Cluster spacecraft on 15 September 200bbserved fast flows were tailwartlgkamura et al.2004).

The tailward flows were detected during a northward IMF These observations indicate that the fast flows are, most
interval, 2.5 h after a substorm expansion. Each flow burstikely, generated by electromagnetic acceleration of plasma
(V<300 km/s) was associated with local auroral activation.in the reconnection region usually located tailward ofg0
Enhancements of the parallel and anti-paraliélkeV elec-  (e.g. Baumjohann et al.199Q Nagai et al. 19980. This

tron flux were detected during the flows. The spacecraft conprocess is the essential part of the Near-Earth Neutral Line
figuration enables to monitor the neutral she{~«0) and  (NENL) model of a substorm (e.@aker et al. 1996. In

the level of B,~10-15nT simultaneously, giving a possi- this context, tailward flows observed in the near-Earth mag-
bility to distinguish between closed plasmoid-like structuresnetotail seem intriguing. Their appearance implies either en-
and open NFTE-like surges. The data analysis shows NFTEhanced magnetic activity (e.iyliyashita et al. 2005 Nagai

like structures and localized current filaments embedded int@t al, 2005 or a mechanism that differs from acceleration at
the tailward plasma flow. 3-D shapes of the structures werea NENL (e.g.Schbdel et al, 2007).

reconstructed using the four-point magnetic filed measure- Magnetic reconnection (MR) is, generally, a change of

ments and the particle data. the magnetic field topology with magnetic field X-line for-
Keywords. Magnetospheric physics (Magnetotail; Plasma mation and plasma acceleration via the magnetic tension
sheet) force in the vicinity of X-line. The bulk outflows resulting

from MR carry the oppositely directed magnetic field loops:
The magnetic field is directed northward within the Earth-
ward outflow and southward within the tailward outflow.
One of the predictions of the NENL model, is the forma-
tion of a magnetic field structure, known as a plasmoid (e.g.
'Hones 1979. Although both tailward and Earthward travel-
ing plasmoid-like structure were observed (&gng et al,
2004, the term “plasmoid” is usually used for closed mag-
netic structures (magnetic islands), manifested as the north-
Correspondence toA. Runov south bipolar variation of the magnetic field, embedded into
(arunov@igpp.ucla.edu) tailward bulk flow (e.gMukai et al, 1996 leda et al.1998.

1 Introduction

Several to ten minutes-long fast flows in the magnetotail
known as bursty bulk flows (BBFsAngelopoulos et al.
1992, are observed to be predominantly Earthward in the
near-Earth magnetotail (radial downtail distan®es20 Rg)
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710 A. Runov et al.: Tailward flows in the near-Earth magnetotail

Plasmoid-related tailward flows were found to be almost al-Earth reconnection (e.gergeev et al.1995 Nagai et al.
ways associated with auroral breakups or pseudo-breakupE998a Miyashita et al. 2005. Alternative hypotheses of
(leda et al.200% Nakamura et al2001). a near-Earth flow onset are based on the current disruption
The presence of even a small cross-tail magnetic field CD) concept (e.glui, 1996. The CD framework is based
component B,) leads to an appearance of a more complexon an idea of local decrease of the cross-tail current in the
3-D structure, called “flux rope” (e.&lavin et al, 2003, in- near-Earth magnetotail at8 to —12 R due to development
stead of a 2-D magnetic loop, with thB, sign correlating  of instability after near-Earth current sheet thinning down to
with that in the IMF. It was also found in simulations that a a critical thickness. (sekui, 2004 for a review). The re-
strongB, component, or core-field, may be generated in thesulting inductive electric field leads to the drift motion of
course of plasmoid evolutiorHesse et al.1996. Alterna-  plasma. This model predicts strong “turbulent” fluctuations
tively, a largeB, may be generated due to localized recon- of the magnetic field{8~B), ion energization perpendic-
nection of sheared magnetic fiel&hjrataka et aj20086. ular to the magnetic field and field-aligned electron beams
The energetic electrons, generated in the course of MRLui, 1996. Southward magnetic field tailward of CD, pro-
(e.g.Hoshino et al.2001), may be used to probe the mag- duced by local generation of dawnward current, may lead to
netic field structure. They provide information about changestailward bulk flow (ui et al, 2006§. Another possible mech-
in the open and closed magnetic field line configuration. Paranism of the near-Earth CD involves a development of the
ticularly, the observation of the enhanced electron flux in as-ballooning instability at the inner edge of the plasma sheet
sociation with the magnetic field bipolar variation was inter- (Roux et al, 1991, Voronkoy, 2005 Roux et al, 200§. This
preted as the indication of the closed O-type magnetic strucmodel predicts quasi-periodic variations of the magnetic field
ture Zong et al, 2004). with the azimuthal wave numbés, > (k., k;). The tailward
The bipolar variation of the magnetic field may be ex- plasma flow is due to electric drift. The CD region expands
plained in the frame of so called Nightside Flux Transfer tailward at a speed of 200-300 kmM®Htani et al. 1992
Events (NFTE,Sergeev et al.1992 2005 — a magnetic as a front of the magnetic field dipolarization. The turbu-
surge in the magnetotail plasma sheet containing acceleratddnt CD-related tailward flow does not contain a plasmoid-
plasma, generated by a reconnection pulse. Contrary to dke magnetic structure or any orderly magnetic field pattern
plasmoid, NFTE implies a locally open magnetic field struc- (Lui et al, 200§. ThejxB-force components are expected
ture. The bipolar variation in the NFTE case is asymmetric:to be rather chaotic within a plasma flow due to the turbu-
the flow burst predominantly carries the unipolar magneticlent CD. The ballooning-based CD apparently can produce a
field (southward in the case of a tailward flow). A turn to an- more regular magnetic structure.
other polarity, observed above and below the neutral sheet, is In this paper we discuss in situ Cluster observations of a set
due to the magnetic field compression by the flow. A space-of successive tailward flow bursts in the near-Earth magne-
craft crossing the NFTE related magnetic loop near the neutotail plasma sheet during 03:30-04:30 UT on 15 September
tral sheet will detect a unipolar variation. Numerical sim- 2001. The measurements at four probes, forming the tetrahe-
ulations show that, at early stage, a plasmoid may have a@ron with the scale<2000 km, give the possibility to identify
structure, locally open at the tailward side, resembling NFTEspatial structures with scales comparable or larger than the
(Abe and Hoshinp2001). probes separation and discriminate between plasmoid-like
Theoretical models of fast pulsed reconnection, resultingstructures, NFTEs, and waves. Furthermore, four-point mag-
in NFTEs, predict formation of a pair of slow shocks, sepa- netic field measurements enable the estimation of the mag-
rating inflow and outflow regions (e.g?etschek1964 Se- netic field gradient and magnetic tension inside the flows,
menov et al.2004. The slow shocks were observed in the which may help to understand the process of their formation.
distant tail ( <—100Rg) on the lobe-plasma sheet bound-
ary (e.g.Saito et al. 1995 and on the plasmoid bound-
aries atX~—100Rg (Mukai et al, 1996. RecentlyEriks- 2 Instrumentation
son et al.(20049 reported observations of reconnection re-
lated shocks in the near-Earth tail. The shear stress balandeor the analysis of the tailward flows, observed by Cluster at
(Walén test, e.gkhrabrov and Sonneryp998 at fast flows, = X~—19Rg, we use magnetic field data from Cluster Flux
implying plasma acceleration by magnetic tension and pre-Gate Magnetometer (FGMBalogh et al. 2001), ion data
dicting near-Alf\enic velocity of the accelerated plasma in from the Cluster lon Spectrometry (CIBRgme et al.200])
the de Hoffmann-Teller reference frame, was considered asxperiment and electron data from the Plasma Electron And
evidence of reconnection on the magnetopa®ss¢hmann  Current Experiment (PEACElohnstone et al1997). The
et al, 1979 Sonnerup et 311981, Paschmann et al1986 ion data are provided by Cluster 1 and 3 (called C1 and
and in the magnetotailfieroset et aJ.200Q Eriksson etal.  C3 further on) Hot lon Analyzer (HIA), with energy range
2009. ~5eV/e-32keV/e, and the Composition Distribution Func-
The observations of tailward flows in the near-Earth mag-tion (CODIF) instrument with energy range 20—40 keV/e and
netotail, discussed in literature, attribute the flows to near-by the Cluster 4 (C4) CODIF instrument. No ion data are
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Fig. 1. Solar wind dynamic pressure, IMB, andB;, AL-index, magnetic field at geostationary orbit, magnetic fi#lg &ndB;) and ion
bulk velocity (Vi) observed by C4 (blue) and C3 (red) in the magnetotail during 00:00-06:00 UT on 15 September 2001. GSM coordinate
system is used for the vector components.

provided by Cluster 2 (C2). The PEACE instrument enables([9.1, —14.9, 4.4]Rg, GSM, at 04:00 UT) and WIND satel-
the measurement of the electron flux with energy 10 eV-lites, AL-index from the Kyoto monitorH, and H, mag-
26.5keV; the PEACE data are provided by all four space-netic field components at geostationary orbit, X- and Z-
craft. The telemetry transmission worked in the burst modecomponents of the magnetic field and the X-component of
from 00:30 till 04:30 UT during the event discussed below, the ion bulk velocity in the magnetotail from the Cluster
providing one ion and one electron distribution functions perspacecraft. The GSM coordinate system is used through-
spacecraft spir{4 s), and the magnetic field with maximum out this paper. The substorm during 00:00-01:00 UT was
time resolution is 67 Hz. associated with a southward IMF and Earthward bursty bulk
flow, detected by Cluster. At+00:50UT, B, at Geotail
turned northward and stayed predominantly northward, fluc-
3 Event description tuating between 0 and 10 nT during several hours, with sev-
eral short turns southward after 03:40 UT. IN; at Geotail
Figure 1 presents an overview plot of the interplanetary @nd WIND showed similar variations with lag time of 5 min.
media, and the magnetosphere state history during 00:001he solar wind dynamic pressur€qn) decreased gradually
06:00 UT on 15 September 2001: The solar wind dynamicfrom 8 down to 3nPa during 03:00-04:00 UAL increased
pressurePgy, at the WIND satellite orbit ([53.5-38.9, [0 zero at about 02:50UT. A gradual increase of fie
19.4]Rg, GSM, at 04:00UT), IMFB, and B, at Geotail ~COmponent was observed by GOES 8 at geostationary orbit
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SOUSTER 2 5 e 200 —22010915 A drop of H, from ~100 down to 70nT with a simul-
—1000} 1 1000 1000 taneous increase aoff, was observed by GOES 8 at the
£ LEPYRT A e A . P .
Zoo0 I ofmt I oot onset of the first flow burst (03:41UT). IMB; at Geotail
© ool 2 © -1000 o |® -1000 and WIND was positive{10nT). A set of jump-like varia-
000 0 2000 2000 0 <2000 2060 0 2000 tions in B, and B, IMF were detected by WIND and Geo-

tail between 03:20-03:40 UT. Some minor activations (with
|AL|<100nT) correspond to the flow bursts. Distinct auro-
ral activations (pseudo-breakups and small substorms), cor-
responding to the tailward flow bursts observed in the plasma
sheet, were detected by the CANOPUS stations (not shown,
seeVoronkov et al, 2006 for detailed description and tim-
ing) and the IMAGE satellite.

Further in this paper we will discuss the Cluster mea-
surements during the three tailward flows observed between
03:40-04:07 UT (highlited interval in Fidl). The state of
the magnetosphere is changed rapidly at about 04:07 UT
(Voronkov et al, 2006. This change is, most likely, triggered
by short southward IMF turn, detected by WIND and Geo-
tail at about 04:00 UT (see Figj). The two intensive tailward
flows at 04:10 and at 04:25 UT, as well as the flow reversal at
about 05:10 UT, studied byiao et al.(2006, are associated
with substorm signatures, while the less intensive flow bursts
during 03:40-04:07 UT correspond to rather pseudo-breakup
activations Yoronkov et al, 2006.

During 03:30-04:10 UT Cluster stayed in the magnetotail
plasma sheet at{18.9, 3.4,—3.1] R (barycenter), forming
a nearly regular tetrahedron with the largest inter-spacecraft
distance of 1750 km. Figur2 presents the spacecraft con-
figuration with respect to the tetrahedron barycenter and the
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S 4f summary plot of the Cluster observations during this interval.
2R L N AN oA SO AR € The intervals corresponding to the three distinct successive
UT 0330 0335 0340 0345 0350 0355 0400 0405 0410 tailward flow bursts, detected by Cluster, are markeds,

Fia. 2. Clust  conf i d Cluster ob i andC, respectively. Figur& presents IMAGE-WIC aurora
9. 2. *uster spacecrait configuration and Luster observalionsyyseryations, corresponding to the three intervals.
during 03:30-04:10 UT on 15 September 2001. From top to bot- Before the first tailward flow was detected at 03:41 UT,

tom: The lobe magnetic field strengtB L), estimated assuming . . . .
pressure balance,y, andZ GSM components of the magnetic plasma sheet was quiet (no ion velocity exceeding 50 km/s

field from C1 (black), C2 (red), C3 (green) and C4 (blug)Y, was observed, Fig) and relatively hot, with ion energy
andZ GSM components of the electric current, The Harris estimate™~10 keV. The magnetic gradient in the current sheet was
of the current sheet half-thickness; lon time-energy spectrogramglirected alongZ (B, at C3 was smaller than that at the
from C3 HIA for tailward (T), dawnward (DA), Earthward (E), and other three spacecraft),>(j., j;). The current sheet half-
duskward (DU) streaming sectors separately; lon bulk velocities athickness, estimated using the Harris functiblalris, 1962,

C1, C3 and C4; The convective electric figld=—V xB (absolute  varied between 1-Rg (6000—10 000 km).

value). The ion energy increased between 03:41-03:51 UT and
between 03:59-04:06 UT, somewhat exceeding the energy
range of the CIS instrument (40 keV). lon energy-time (ET)
spectrograms show clear anisotropy of the ion flux during
these intervals: The flux of the tailward (T) streaming ions
is larger than that of Earthward streaming ions, indicating

during~02:30-03:40 UT. Staying in the magnetotail plasma
sheet [B,|<20nT) during 01:00-03:40 UT, Cluster detected
a gradually increasing magnetic field gradient (difference be

tween B, at C3 and C4, separated mainly alodg with 214 jon bulk flow between 03:41-03:47 UTY, 03:49—
negligible ion bulk velocity. B, gradually decreased during 03:52 UT (B), and 03:59-04:06 UTQ). The lobe magnetic

01:00-03:30 UT. A set of bursty tailward flows were detected. ; ;
: . ield value locally increased and then decreased during these
by Cluster/CIS between 03:40-04:40 UT. The frequency an({ntervals. Each tailward flow burst was associated with large-

amplitude_ of the mggnetict field fluctua_tions increase duringscale (several minutes, 5-20nT) variations of the magnetic
the flows in comparison with those during 01:00-03:40 UT. field and with increase of the magnetic field small scale fluc-

tuations (10-200s, several nT). In average, all three tailward

Ann. Geophys., 26, 70924, 2008 www.ann-geophys.net/26/709/2008/
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Fig. 3. IMAGE WIC snapshots at onsets of the auroral activation
corresponding to the three tailward flows, (B, and C) detected

by Cluster between 03:40—04:10 UT. Cluster foot points (T89) are o E_z ;
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flow bursts correspond to negative variationBf. Varia- Fig. 4. Cluster observation during interval. From top to bot-

tions of B, were up to~20nT, and negative in the northern tom: Magnetic field magnitudeX, ¥, and Z components of the
half of the current sheetB,>0) and positive in the south- magnetic field at the four spacecraft; standard deviatia®;of, Y,

ern one §,<0). The current density, derived from four- andZ components of the electric current dengity. 'V xB; The
point magnetic field measurements (€ganteuy1998, in-  2ngle betweepandB; X, ¥, andZ components of thexB force,
creased during interval and C up to j~10 nA/n? from magnetic pre.ssure gradient and magnetic _fleld ten5|ons;_|or1 and to-
. ~3-5nA/n? before the flow onsets. but fluctuated around tal pressuresX andY components of the ion b_qu velocity; and

J o . N " . Y and Z components of th&.=—V xB electric field. The GSM

.~4 nA/m? during intervalA. Jy remained lposmve, |nd|_cat- coordinate system is used for vectors.

ing a constant presence of the cross-tail current during the
flow bursts;j, andj, showed large-amplitude variations (up
to 10nA/n¥, often with sign change), manifesting a com- 4 Detailed analysis of Cluster observations

plex, 3-D structure of the magnetic field within the flow

bursts. The current sheet was thinning down8000km In this section we analyze the magnetic field, ion moments
during intervalsB andC. lon moments computed from HIA and electron ET spectra during the three tailward flow in-
(C3) and CODIF (C1 and C4) ion distributions are very simi- tervals separately. We visually inspect the low-pass filtered
lar. The increases of the convective electric fielg=—V xB (cut-off frequency is 1/8Hz) 1-s averaged magnetic field
indicate a large rate of the magnetic flux transport during thetime series and corresponding vector derivatives (magnetic
three flow bursts. Thus, the criteria of the flow burs$fs, (> field curl, magnetic tensions and magnetic pressure gradi-
2mV/m, e.gNakamura et al2001) are satisfied. ent) plotted in the GSM coordinate system to identify spatial
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structures. Then, their properties are studied, using, if necedecity V,=B/./pto and the ion velocity in théd T-frame

sary, coordinate rotation. V'=V-Vyr (Walén test) gives the correlation coefficient
0.15, and the slope 0.27 (see for compariEoiksson et al.
4.1 IntervalA 2004. Thus, no significant plasma acceleration in #i&

frame, required by the fast reconnection model, was detected.

Figure 4 presents Cluster observations during the first tail- The electron pitch-angle ET spectrograms from the
ward flow burst (03:40-03:47 UT, interval). During the  PEACE instrument at all four spacecraft are shown in Big.
entire 7-min long interval Cluster was located in the northernThe plot shows electron fluxes at energies in the range 50—
half of the central plasma sheet. The magnetograms at all0 000 eV, subdivided into 6 bins. The central energy for
four spacecraft are of similar shape and close together. Theach bin is shown at the left panel. Each panel shows the
most southern spacecraft (C3) showed the lowgsuntil pitch-angle distribution (PAD) in the specified energy range
~03:45 UT. After 03:45 UTB, at all four probes dropped to with the parallel flux (8 PA) on the bottom and the anti-
very low values, indicating an entrance to the thick sheet withparallel (180 PA) on the top of the panel. During interval
uniformly weak magnetic field. The electric current density A1 Cluster detected a low energy100-300 eV) electron
(j=,u51VxB) varied between-4 and 4 nA/m, with j, >0 flux parallel and anti-parallel to the magnetic field (0 and
and a set of bipolar variation gf andj, till ~03:45 UT. In- 180 more visible at C1, C2 and C4, and less visible at C3),
tervals of the two distinct magnetic field variations (betweenand more isotropic aE ~1-3 keV. During intervald2 the
03:41:40-03:43:00 UT and between 03:43:00-03:46:00 UT)ow energy electron flux disappeared; Cluster detected an in-
are marked byl1 andA2, respectively. During intervall, creasing flux of 0.5-3 keV 0 and 18PA electrons. This flux
the angle betweepandb (b, ) deviates from 99 first to increased is more pronounced at the most southern spacecraft
30° at 03:42 UT, then to 14Qthen gradually turns to the di-  C3, less pronounced at C1, C2, and C4. C2 started to detect
rection perpendicular to. During intervalA2, b, j varies be-  the enhanced electron flux somewhat earlier than the other
tween 100 and 180. Cluster started to detect a tailward bulk probes. Since the average magnetic field direction during the
flow with V, <—50km/s at~03:41 UT. The Y-component of electron flux enhancement was [0.78).56,—0.20] at C1,
the bulk velocity was negligible comparing with.. The [0.61,-0.68,—0.38] at C2, [0.57~0.66,—0.47] at C3, and
flow decays at-03:47 UT. Until 03:44:40 UT, thexB force  [0.79, —0.54, —0.21] at C4, the~1keV electrons showed
was mainly contributed by the magnetic pressure gradiensignificant counter-streaming motion in the cross-tail’j
(V Pp), the magnetic tension forcagl(B-V)B) was a fac-  direction.
tor of 2 smaller thanv P,; the V,P,-component was the During intervalA1 all four spacecraft detected significant
largest one and positive &, >0. Both the ion pressurg; and similar shape variations of theand Z magnetic field
and the sum of ion and magnetic pressBrenkT;+B?/2u0 components, while amplitudes &, variations did not ex-
gradually increased unti+03:42 UT. At~03:42UT the ion  ceed~5nT. B, at the barycenter, previously slightly neg-
pressure dropped down, showing a broad minimum dur-ative, first increasee to 4nT then decreased downamT,
ing 03:43:30-03:45:30 UT. The total pressure decreased afthen increases again to 4 i, first increased up to 5nT then
ter 03:42 UT too, then increased with a local maximum atdecreased down te2nT.
~03:43:30 UT. During 03:43:30-03:45:30 UT the total pres- Minimum Variance Analysis (MVA, e.gSonnerup and
sure was 15% larger than the ion pressure. The cross-tagcheible 1998 of the magnetic field at the Cluster barycen-
(Y) and vertical £) components of the-V xB electric field  ter (average magnetic field at the four probes) yields for in-
showed a broad maximum with,~4mV/m and a min- terval Al the eigenvalues=[10.7, 3.32, 0.39], and the cor-
imum with E,~—5mV/m between 03:43:30-03:45:30 UT. responding eigenvectors (in GSNY;=[0.28, 0.91, 0.32],
The magpnetic field fluctuations, calculated from non-filtered N,=[0.38, 0.19,—0.91], N3=[-0.88, 0.38,—0.29]. Thus,
FGM data as standard deviations ®fwithin 12s (3 spins)  the maximum, intermediate and minimum variance compo-
sliding windows increased simultaneously with the bulk flow, nent of the magnetic field are directed mainly aldhg-Z,
but do not exceed 0(B) during intervals of significant flux and—X, respectively. Figuré shows the magnetic field time
transfer €.>2 mV/m). series during intervafi1 in the MVA frame. The minimum

Performing the deHoffmann-Teller analysis (HT analy- and intermediate variance component variations have small
sis, Khrabrov and Sonnerypl998 to the the first inter- amplitude, while the maximum variance component experi-
val of enhanced tailward flow (03:41:40-03:44:10 UT), we ences two bipolar variations with amplitude of 15nT. The
determined thed T-frame velocity Vg r=[—276.7,—31.89, traces of Bnmax are of the same shape at all four spacecraft,
—78.52] (results for C1). ThE. vs.Egr=VyrxB correla-  indicating a spatial structure passing by the Cluster constel-
tion coefficient is cc=0.98, and the linear regression slope idation at the onset of the fast tailward flow. Figatéanels a
s=1.017 for C1. Results for C3 and C4 are very similar. Thus,and b) presents the magnetic field vectors at the four space-
the HT-frame is well determined, showing the presence ofcraft plotted in projection onto th&Y (close to min—max)
quasi-static structure moving mainly tailward in respect toandX Z (close to min—int) planes. During intervall, Clus-
the spacecraft. Regression analysis of the local&lfve-  ter crosses a region where the magnetic field turns dawnward

Ann. Geophys., 26, 70924, 2008 www.ann-geophys.net/26/709/2008/
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Fig. 5. Cluster PEACE pitch angle distribution (Spin PAD) energy-time spectrograms, interval A. Dashed line boxes show ititeawals
A2.

0346:00 uT

and exhibits the bipolar north-to-south variation. C1, C2, andmark 40s) andv,,=[—0.49, 0.66,—0.56]}160 km/s for the
C3 showed a short increase|d|, while C4 showed a local second one (time mark 60s). An interpretation sketch is
minimum of | B|. shown in Fig.7c. The first boundary is moving tailward
The similarity of theBmax trace shapes at the four probes and northward, indicating Cluster encounters the tailward
enables timing analysidHarvey, 1998 of the Bmax. Four- moving surge with the magnetic field elevation. The second
point timing gives a unique solution of linear system for one moves tailward and southward, indicating Cluster exit
three components of the velocity normal to the planar boundthe magnetic surge. The Y-component of the normal to the
ary crossed by spacecraft. In our case, the dominant conirst boundary is negative, however small, while for the sec-
ponent of the plasma velocity is tailward (Fig). We as-  ond boundaryp, is positive and large. These results may
sume that the magnetic structure is transported by the plasmiae interpreted as signatures of crossing the tailward mov-
flow, i.e. moves tailward. Thus, a deviation of the tim- ing magnetic structure with an ellipsoid-like boundary. The
ing normal from pure tailward direction gives a tilt of the spacecraft crosses the structure close to its dawn-side edge,
boundary inXY and X Z planes, indicating a curved shape entering through dawnward moving boundary and exiting
of the tailward moving magnetic structure encountered bythrough duskward moving one. This boundary is shown by
the spacecraft constellation. Timing results ¥fe=[-0.35,  dashed line on the interpretation sketch (Fig). The pres-
—0.09, 0.93]110 km/s for the first boundary (around the time ence of the north-soutl®, variation and strong-B, may
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Fig. 6. Interval A1: Magnetic field observations in the variance Fig. 7. Interval A1: Projections of the magnetic field at the four
frame. Time is in seconds after 03:41:40 UT. sic (black arrows) onto the X&) and XZ(b) GSM planes at three
successive instances. The 3-D interpretation car{@dshows a
view to the equatorial plane from above. The dashed arrow indicates
be interpreted as signatures of the left-handed flux rope likgne spacecraft barycenter motion relative to the magnetic structure.
structure $lavin et al, 2003. Yet, the MVA results dis-  Thick dashed line denotes the boundary of the magnetic structure.
agree with classic constaatmodel (see, e.¢Slavin et al, The solid lines represent the magnetic field force lines.
2003 Henderson et gl2006. Since the spacecraft crossed
an upper (northern) part of this structure only, we can not
state that it is closed, forming a magnetic island. It alsotension changes its sign to positive. SinegP, dominates
may be an NFTE-typeSergeev et al.1992 or CD-related  andj,>0 and relatively stable, the spacecraft probe a sheet-
(Ohtani et al. 2004 surge of the current sheet. The electric like structure with the normal close @gsw.
current deviated from the perpendicular directionb50, Figure 8 presents the magnetic field vectors at the four
and|j xB| has a local minimum during1. TheX-aligned  spacecraft in XY- and XZ-planes at 03:43:00 UT (ahead of
scale of this structure, estimated from the averdigedur-  the structure), 03:44:00, 04:45:00 and 03:45:30 UT. The bot-
ing 03:42:00-03:42:50~170 km/s) and the duration of the tom panel presents an interpretation scheme: the solid lines
structure observation, is8000 km~1.25R. present the magnetic filed field force lines. Cluster crossed
During interval A2 the total magnetic field first increased an X-elongated magnetic field surge with the field-line cur-
up to 15nT, varies at this level, and decreased down tovature first directed along Z then along+Z. The structure
1nT. SinceB, is rather stable during the major part of this was bounded in the cross-tail direction, and Cluster enters
interval, except for the the drop at03:45:30UT, the in-  through its dawn-side boundary and crossed this object near
creased ofB| is due to largg B, | and|B;| (both are neg- its dawn-side edge (see Fifc). This explains the fact, that
ative). Timing analysis of thgB|-traces (Fig4) gives forthe  most duskward probe (C2) started to detects the electron flux
first boundary (03:43:15-03:43:32 UW),,=[—0.59, —0.41, enhancement earlier and detected it longer than the others
—0.691194km/s and for the second one-d3:45:30UT)  (see Fig5). The duration of this structure is about 130's and
V,=[-0.34, 0.76, 0.55101 km/s. Thus, show that the first average ion velocity~315km/s, which gives the structure
boundary moved tailward, dawnward and southward whilelength~6 Rg. These observations may be interpreted as the
the second one moved tailward, duskward and northward. Irsignatures of the post plasmoid plasma sheet (eda et al,
a volume, bounded by these fronts, the magnetic field ro-1998 with an X -elongated southward magnetic field loop.
tated from the Earthward-duskward-northward to Earthward-
dawnward-southward enhancing its strength due to increas4.2 IntervalB
of cross-tail component magnitude, anti-parallel to the elec-
tric current. During a short time between03:43:15—  Figure 9 presents the Cluster measurements and the mag-
03:43:30 the magnetic tension and the magnetic pressure graetic field derivatives calculated during interval. A
dient were comparable and the Z-component of the magneticnagnetic field structure, associated with thg enhance-
tension force is negative (Cluster was in northern half ofment up to~4mV/m, was observed between 03:49:30—
the plasma sheet). Then, theB force was dominated by 03:50:30 UT (dashed-line box). The tailward velocity grows
the magnetic pressure gradient, and the Z-componeBt of up to |V|~400km/s. The magnetic field absolute value
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Fig. 8. Interval A2: Projections of the magnetic field at the four
s/c (black arrows) oXY (a) and onXZ (b) GSM planes at four
successive instances. Pa(®lpresents the interpretation cartoon.

—— lon bulk flow

[

increased from~10 to~20nT. B, is positive at C1, C2 and

C4 (the northern group), while the most southern probe (C3)

measured, fluctuating near zero levelB, at the northern
group increased around 03:50:00 UT, whileat C3 slightly
decreased, down te4 nT at this time.B, shows a remark-
able north-south differenceB, at the northern group dis-
played a pronounced minimum with the value 7 nT
around 03:50:00UT~+15s early at C2), whileB, at C3
slowly varied around zero with a local maximurmyZnT)

at this instance.B, at the northern group exhibited a clear
bipolar variation, changing from4 to ~—10nT. B, at C3

showed no positive variation, gradually decreasing from ap-

proximately zero to~—10nT. The Y-component of the cur-
rent density was positive, whilg, and j, (jy>|jxl, |j:)
showed bipolar variationsj{ changes sign from negative to
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Fig. 9. Cluster observation during interv8:: The same format as

positive). j was close to be perpendicular to the magneticin Fig. 4.

field ahead of the structurb; j varied between 90and 120
inside the structure, because of the duskward rotatiol of
with VB directed mainly northwardj (deviation from the
nominal direction did not exceed 2@round 03:50:00 UT).
The Z-component of théxB force was negativeR, >0 at
the Cluster barycentet(j xB).|>[(xB).|, [(jxB)y[). The
magnetic field gradient was a factor of 7 larger than Bie

Both B, and B, turned back to nearly zero after the structure
passage.

HT analysis of the the C4 data during intenglgives
Vur=[—3232, 1042, —26.86], the HT-frame is well de-
fined: cc=0.99 and the s=1.034. \&hltest with cc=0.66 and

tension force. The major contribution to the force was from $=0.319 shows no significant plasma acceleration irftifie

V. P,. The X-component of th8-tension force changed sign
from positive to negative, corresponding to tBe change.
The Y- and Z-components of thB-tension force were ap-
proximately of the same value as tk&component, and
changed their signs from negative to positiv® @nd from
positive to negativeX), indicating that Cluster crossed a 3-

frame. The local Alfen velocity was~400 km/s.

The electron ET spectra for intervat are shown in
Fig. 10. The enhancement of parallel and anti-parallel elec-
tron flux in the energy range of 0.5-3 keV was detected be-
tween 03:50:00-03:50:45UT. C2, again, started to detect
the electron flux enhancement earlier and detected it during

D structure. The total pressure at C1 and C4 had a localonger time than the other probes. The flux of electrons with

maximum near 03:49:45 UT, whil& at C3 shows no sig-

energies<300 eV sufficiently decreases. The average mag-

nificant change. The ion thermal pressure slightly decreasechetic field direction during the electron flux enhancement
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Fig. 10. Cluster PEACE PAD ET spectrograms, interfal

was [0.75,—0.39,—0.45] at C1, [0.68-0.37,—0.61] at C2, Since the average direction of the current density vector
[0.11,-0.18,-0.95] at C3, and [0.715-0.48,-0.42] at C4.  was close toy (e;=[0.37, 0.80,—0.19]) and the average
The parallel and anti-parallel electron fluxes started increasdirection of the magnetic pressure gradient, pointing along
ing about 10s later on the center of the magnetic structuré¢he normal, was close t@ (e,,=[0.22, 0.10, 0.94]), the
(B,=0) was detected. GSM system is a good proxy for the natural coordinates.
The magnetic field variations (increase [@#|, strong  Figure 1la—c presents a multi-point view of the magnetic
B, <0, north-to-south variation ofB;), observed by the field structure inXY, XZ, andYZ planes. The observa-
northern group of the spacecraft (C1, C2, and C4) may be intions are interpreted in the following way. During 03:49:30—
terpreted as the signatures of a left-handed flux r@tevin 03:50:30 UT Cluster crossed a magnetic loop, closed from
et al, 2003. Staying neaB,=0, C3, however, showed dif- the tailward side with the north-south size comparable or
ferent signaturesB, >0, B, <0 (no bipolar signatures), no larger than the Cluster inter-spacecraft separation, embedded
increase ofP,. According to the flux rope interpretation, one into a more thicker current sheet C3, crossing the the struc-
expects the same direction of the core filed in the center andure near it's axis did not detect a northwabd, showing
at the northern half of the rope. The proper interpretationB, <0, while the northern group (C1, C2, C4) detected north
should explain thes, difference, and the absence of bipolar to southB; variation. The northward, turn is due to lo-
signatures in C3-trace. cal magnetic field compression by the plasma flow. This can
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explain the increase of the magnetic pressure, detected by thee
northern group. Thus, the situation resembling rather NFTE _é
with the magnetic structure similar to quasi-plasmoid config- 3
uration obtained in simulations of nonlinear plasmoid evolu-
tion (Abe and Hoshinp2001), than a flux rope. However, :
the observed structure is more complex, including an out-of- 0359 0400 0401 9a02 0405 0ao4 Ot

plane magnetic field componeng,() directed dawnward in

the northern half and, likely, duskward in the southern half rig. 12. Cluster observation during interva@t The same format as

of the loop (C3 atB, <0 detectsB,>0). The length of this in Fig. 4.

structure along X-direction, estimated usifig )~150 km/s

and the structure duration,60s, is~1.5RE.

The magnetic field variation as well as the electron flux with maximum velocity of 400 km/s. Magnetic field varia-
enhancement was first detected by C2, then by C3, C1 antlons, associated with significant flux transfér.¢3 mv/m,
finally by C4. This indicates that the magnetic structure was|E..|>E.,) were detected during 04:00:30-04:02:00 UT
bounded in cross-tail direction, and crossed by Cluster nea(dashed-line box). The magnetic field absolute value in-
its dawn-side boundary, like it shown in Figc (valid for ~ creased from~5 to ~15nT while B, decreasesB, at C1,
northern half of the structure only). In this case, C2 stayedC2, and C4 (all are situated in the northern part of the plasma
within the structure longer than than the other probes, whichsheet) experienced a negative variation with amplitude of
can explain a longer interval of enhanced electron flux, ob-10 nT, while B, at C3, located near the neutral sheet in the
served by C2. The enhancement of bi-directional electrorsouthern part of the sheet$<B, <—1nT), exhibited a pos-

%
o}

flux indicates, that the loop is closed further downtail. itive B, variation with amplitude of 10 nT. All four probes
detected bipolar variation @8, with B,~0 at the maximum
4.3 IntervalC of | By |. These magnetic field variations corresponded to a lo-

cal enhancement of the X-component of the current density.
Figure 12 presents summary plot of Cluster measurementsThej x B force had a local maximum in Z- and a bipolar vari-
during intervalC, when Cluster detects the tailward ion flow ation in the Y-component$j xB], stayed close to zero until
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Fig. 13. Cluster PEACE PAD energy-time spectrograms, inte¢val

~04:01:20 UT then turned negative simultaneously with thement was first detected by C1 and C3, then by C2 and C4,
decrease of the total and ion pressures. The center of theontrary to the observations during inten&l Some, but
bipolar B, variation coincided with the local maximum &f. smaller enhancement of the perpendicular flux was also de-
The current density vector was directed mainly perpendicu-tected mainly after 04:02:00 UT. Again a sufficient decrease
lar to the instantaneous magnetic fielthj§ varied between  of low energy<200eV electron flux after 04:01:30 UT was

80-120). detected. The average magnetic field direction during the
HT analysis of the C1 data during 03:59:40-04:02:00 UT €lectron flux increase was [0.220.19,-0.64] at C1, [0.34,
results withV ;;7=[—208.7, 56.14—57.86] km/s with well ~ —0.27,—0.59] at C2, {-0.52, 0.51,-0.66] at C3, and [0.53,

defined HT-frame: cc=0.98, s=1.01. W test with —0-49,—0.53] at C4. The electron flux features were the

cc=0.511 and s=0.226 again shows vanishing acceleration gfame at C3, situated in the southern half of plasma sheet de-
plasma in thet T-frame. tecting duskward magnetic field, and at C1, C2, C4, located

. . in the northern half and detecting dawnward magnetic field.
Figure 13 presents electron ET spectrograms for interval 9 9

C. During 04:01:30-04:02:30 UT, when the above describedThfomcrease of electro.n fl.ux started about 10-15s later than
2 .=0 was detected~04:01:15 UT).

magnetic field structure was observed, all the four spacecrai%;

detected local enhancement of parallel and antiparallel elec- Although the B, and B, signatures during 04:01:00-

tron fluxes with energies of 0.5-3keV. The flux enhance-04:02:00 UT were similar to that during interval, the B,
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behavior, and timing of the bi-polaB, variations at the X 4 1:300 415150 4100
four probes are different. The difference betwep at <—l~\ \ A\ X \ \
the northern group and that at CA B,) decreased while Y

AB, increased, indicating a presence Xtdirected cur- DA N X """""" A 0
rent. Figurel4 shows projections of the magnetic field vec- \ \

tors at the four spacecraft on®Y, XZ, andY Z planes at 1-2
04:01:00 and 04:01:30 UT. At 04:01:00UT Cluster crossed ﬂ 5, 2
the loop with northward directed magnetic fiel, &0), and B

at 04:01:30UT Cluster crosses the loop of southward di-
rected magnetic fieldR;<0). Timing of B, time series
shows that the maximum, was first detected by C1 then N
by C3, C2, and, finally, by C4. The lag time vector (with re- 7z 4100 415150 415 300
spectto C1) iglt=[6., 5., 8.] s, which gives the normal veloc- ){—P —

ity V,=[—0.91, 0.42, 0.04P10 km/s. The minimunB, was SCBARVGENTER ~~~~ """ Tmmmmoooomm---od »0
detected with the ladr=[6, 4, 10] s with respect to C1. This
givesV,=[—0.93, 0.28, 0.23170 km/s: contrary to observa- - N e 2
tions during intervalB, the both boundaries move duskward

with respect to the spacecraft. The magnetic field observa-
tions showed signatures of a current filament, witk- j,,
transported by the ion bulk flow. Cluster crossed the mag- ()
netic structure entering through its dusk-side boundary with
(B-V)B<0, and exiting through its dawn-side boundary, de-
tecting (B-V)B>0. The interpretation scheme is shown in
Fig. 14d and e. Although the magnetic tension magnitude
is comparable with that of the magnetic pressure gradient,
the structure was not force-free, becauseBHension force

Wa?’ directed mainly ann@Y,.whne theV_P” Was_ dlrgcted Fig. 14. Interval C: Projections of the magnetic field at the four
mainly alongZ. Current density vector did not significantly /¢ (plack arrows) onta( Y (a), XZ (b), andYZ GSM planes at
deviate from theB-perpendicular direction. The cross-tail the three successive instances. Note, that time increases from right
size of this structure may be roughly estimated using meano left in panels (a) and (b), and from left to right in page), ac-
value of V, at 04:01:00-04:01:45UT, equals t660km/s  cording to the spacecraft pass (dashed arrow) through the structure.
and the lag between negative and positileV)B peaks, Panelgd) and(e) present the interpretation scheme. Red arrows in
~45s. This yieldsL,=2700 km~0.5Rg. The scale along panel (d) indicate the electric current direction.

X estimated formV,.)~200 km/s and the structure duration

is about 1.5Rg.

(e)

The magnetic field fluctuations(B) were about 0.4B)

during the flow bursts, therefore turbulent current disruption,
5 Discussion and conclusions implieso (B)~(B) (e.g.Lui, 1996 Lui et al, 2006, hardly

can be a mechanism of the flow generatiof).is positive
We have shown in-situ observations of three succesand increases during the flow intervatsand C, thus, the
sive 2—7 min long tailward flow bursts with velocities of ballooning mechanism, implying the generation of the dusk-
about 400km/s detected in the near-Earth magnetotail atlawn component of the electric curreRdqux et al, 1991,
Xesm=—18.9Rg near the midnight meridian. In contrast 2006, can not be considered as the source of these two tail-
with previously discussed observations of tailward fast flowsward flow bursts either. During interval, however,j, was
in the near-Earth magnetotalégai et al, 19983 Eriksson  oscillating between-1 to 3 nA/n? with a peak-to-peak pe-
et al, 2004 Miyashita et al. 2005, these three flow bursts riod ~30s. This may be interpreted as the quasi-periodic
were observed during northward IMF. IMB, was north-  generation of the dusk-dawn current. We also found the sys-
ward (of 5-10 nT) during-2.5 h before the first tailward flow tematic lag between the magnetic field fluctuations at C1 and
was observed. IMMB, was mainly dawnward and fluctuat- C2 (separated mainly alorig), indicating azimuthal propa-
ing. The first flow was detected 2.5 h after the large substorngating waves, predicted by the models of GRo(ix et al,
followed by B, decreasing after a strong dipolarization (see 1991, Lui, 1996. No signatures of fast reconnection (see,
Fig. 1), accompanied by the gradual increase of the magneti@.g. Semenov et al2004 were found during the three flow
gradient in the current sheet. Thus, the activity in the near-bursts: Plasma velocity in the de Hoffmann-Teller frame did
Earth magnetotail plasma sheet, leading to tailward flowsnot exceed 25% of the Alén speed, which is much smaller
was, likely, internally triggered. than the acceleration, predicted by fast reconnection model
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(see, e.gEriksson et al.2004. Thus, the tailward flows tween a closed plasmoid-like magnetic field configuration
were generated rather due to a weak reconnection on closeehd an NFTE-like one, with a tailward-open magnetic surge.
field lines (or in the course of X-line formation by the bal- The analysis of the four-point magnetic field measurements
looning type perturbation). have shown that the aforementioned bipolar north-to-south
The three flow bursts were associated with a local auro-magnetic field variations, commonly interpreted as signa-
ral activation in the MLT sector of the Cluster foot point, tures of plasmoid or flux ropes, are not necessarily indica-
~5° equatorward. The time relationship between plasmoidgions of a closed O-type magnetic field structure. They may
and auroral pseudo-breakups was studiedldga et al.  be signatures of the NFTE-like surge (inter#jlor indicate
(2001). They found that the earliest plasmoid was observeda crossing of an Earthward-duskward directed current fila-
at X=—28Rg about 2min before the auroral brightening. ment (intervalC).
Typically, plasmoids are observed 0-2 min after the bright- In contrast to results, reported @Bpng et al.(2004, the
ening. This was interpreted that reconnection occurs befordi-directional electron fluxes were detected after the bipo-
the auroral activation, and a “young” plasmoid is observedlar variation detections. They associated, therefore, with the
before or simultaneously with the brightening if the space-NFTE-like southward magnetic field loops, indicating that
craft is located near the reconnection site. It follows from they are closed further in tail. The spacecraft enters into
this model, that during interval$ and may be” Cluster was  the flux tubes, containing the bi-directional electron flux, af-
situated near the reconnection site, while during inteBsal ter crossing the flow boundaries, manifesting as the bi-polar
reconnection occurs closer to the Earth. It should be notedmagnetic field variations.
however, that this interpretation is based on a 2-D model with The B, signs in these cases are different in the northern
a plasmoid infinity long in cross-tail direction. Our observa- and southern halves of the plasma sheet. Thus this is neither
tions show that the magnetic structures, observed during taila core field, assumed to be the same direction in both halves
ward flows in the near-Earth tail, are localized in tesm in the flux rope models, nor the guide field enhanced due
direction.Nakamura et al(200]) studied the relative timing to pile-up effect in localized reconnection of sheared mag-
between the bulk flow bursts (mainly Earthward), observednetic field with a finite cross-tail length df-line (Shirataka
in the near tail, and localized auroral activations. They foundet al, 2006, but corresponds rather to the quadrupolar mag-
that on average, the aurora precedes the flow activations bgetic structure due to the Hall effect near X-lildagai et al.
0-3min. If the auroral activations starts within 1h MLT 1998h), It was shown, that the Hall currents, existing in the
difference and 2latitude distance from the spacecraft foot ion diffusion region, are closed by the system of the field-
point, the time delay is reduced down to less than 30s. Ourligned currents (FAC), which may exist far away from the
results for the tailward flows are similar: The auroral activa- X-line, keeping the cross-tail magnetic field component, neg-
tion during intervalsA, with the minimum delay with respect ative in the northern and positive in the southern halves of
to the maximum E.| observation, was observed around the the sheet (e.dzujimoto et al, 2001, Treumann et al2006.
MLT of the Cluster foot point; delays foB and C activa-  This cross-tail field, originated by the Hall currents, may
tions, observed withia=0.5 h MLT, are of—2.5 and +3min, be enhanced by the magnetic field compression within fast
respectively. flow bursts. The tailward moving filament of the Earthward-
Each observed flow burst corresponds to a similar mag-duskward directed current crossed by Cluster during interval
netic field variations. The magnetic field turns dawnward C (see Fig14) may also be a part of the FAC system, related
(duskward) in the northern (southern) half of the plasmato the Hall currents in the reconnection region, localized in
sheet. The spacecraft, situated above the neutral sheet dtie cross-tail direction.
tected a more or less pronounced north-to-south bipolar vari- The important outcome of this work is the reconstruction
ations of the magnetic field. All probes show the southwardof 3-D shapes of the magnetic structures, embedded into the
magnetic field around minima of the flow velocity. The mag- tailward plasma flows. Using the spacecraft separation in
netic field magnitude increases B0 nT, and this increase the cross-tail direction, we found that the NFTE-like surges
is due to an enhancement Bf. A total pressure enhance- (intervalsA and B) have ellipsoidal shapes. The spacecraft
ment, considered as the signature of a plasmieida( et al, cross their dawn-side boundaries.
1998, was observed during the intenlonly, when the ion
pressure was nearly constant. The increase of the magnetftcknowledgementsie thank H.-U. Eichelberger, G. Laky, C. Mo-
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