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Abstract. A detailed analysis of successive tailward flow
bursts in the near-Earth magnetotail (X∼−19RE) plasma
sheet is performed on the basis of in-situ multi-point ob-
servations by the Cluster spacecraft on 15 September 2001.
The tailward flows were detected during a northward IMF
interval, 2.5 h after a substorm expansion. Each flow burst
(Vx<300 km/s) was associated with local auroral activation.
Enhancements of the parallel and anti-parallel∼1 keV elec-
tron flux were detected during the flows. The spacecraft con-
figuration enables to monitor the neutral sheet (Bx≈0) and
the level ofBx≈10–15 nT simultaneously, giving a possi-
bility to distinguish between closed plasmoid-like structures
and open NFTE-like surges. The data analysis shows NFTE-
like structures and localized current filaments embedded into
the tailward plasma flow. 3-D shapes of the structures were
reconstructed using the four-point magnetic filed measure-
ments and the particle data.

Keywords. Magnetospheric physics (Magnetotail; Plasma
sheet)

1 Introduction

Several to ten minutes-long fast flows in the magnetotail,
known as bursty bulk flows (BBFs,Angelopoulos et al.,
1992), are observed to be predominantly Earthward in the
near-Earth magnetotail (radial downtail distancesR<20RE)
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and mainly tailward beyond this distance (Nagai et al.,
1998b; Baumjohann et al., 1999). Recent statistics of BBFs
at the Cluster orbit (R∼19RE) shows that only 22% of the
observed fast flows were tailward (Nakamura et al., 2004).
These observations indicate that the fast flows are, most
likely, generated by electromagnetic acceleration of plasma
in the reconnection region usually located tailward of 20RE

(e.g. Baumjohann et al., 1990; Nagai et al., 1998b). This
process is the essential part of the Near-Earth Neutral Line
(NENL) model of a substorm (e.g.Baker et al., 1996). In
this context, tailward flows observed in the near-Earth mag-
netotail seem intriguing. Their appearance implies either en-
hanced magnetic activity (e.g.Miyashita et al., 2005; Nagai
et al., 2005) or a mechanism that differs from acceleration at
a NENL (e.g.Scḧodel et al., 2001).

Magnetic reconnection (MR) is, generally, a change of
the magnetic field topology with magnetic field X-line for-
mation and plasma acceleration via the magnetic tension
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 (e.g.Zong et al.,
2004), the term “plasmoid” is usually used for closed mag-
netic structures (magnetic islands), manifested as the north-
south bipolar variation of the magnetic field, embedded into
tailward bulk flow (e.g.Mukai et al., 1996; Ieda et al., 1998).
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Plasmoid-related tailward flows were found to be almost al-
ways associated with auroral breakups or pseudo-breakups
(Ieda et al., 2001; Nakamura et al., 2001).

The presence of even a small cross-tail magnetic field
component (By) leads to an appearance of a more complex
3-D structure, called “flux rope” (e.g.Slavin et al., 2003), in-
stead of a 2-D magnetic loop, with theBy sign correlating
with that in the IMF. It was also found in simulations that a
strongBy component, or core-field, may be generated in the
course of plasmoid evolution (Hesse et al., 1996). Alterna-
tively, a largeBy may be generated due to localized recon-
nection of sheared magnetic fields (Shirataka et al., 2006).

The energetic electrons, generated in the course of MR
(e.g.Hoshino et al., 2001), may be used to probe the mag-
netic field structure. They provide information about changes
in the open and closed magnetic field line configuration. Par-
ticularly, the observation of the enhanced electron flux in as-
sociation with the magnetic field bipolar variation was inter-
preted as the indication of the closed O-type magnetic struc-
ture (Zong et al., 2004).

The bipolar variation of the magnetic field may be ex-
plained in the frame of so called Nightside Flux Transfer
Events (NFTE,Sergeev et al., 1992, 2005) – a magnetic
surge in the magnetotail plasma sheet containing accelerated
plasma, generated by a reconnection pulse. Contrary to a
plasmoid, NFTE implies a locally open magnetic field struc-
ture. The bipolar variation in the NFTE case is asymmetric:
the flow burst predominantly carries the unipolar magnetic
field (southward in the case of a tailward flow). A turn to an-
other polarity, observed above and below the neutral sheet, is
due to the magnetic field compression by the flow. A space-
craft crossing the NFTE related magnetic loop near the neu-
tral sheet will detect a unipolar variation. Numerical sim-
ulations show that, at early stage, a plasmoid may have a
structure, locally open at the tailward side, resembling NFTE
(Abe and Hoshino, 2001).

Theoretical models of fast pulsed reconnection, resulting
in NFTEs, predict formation of a pair of slow shocks, sepa-
rating inflow and outflow regions (e.g.,Petschek, 1964; Se-
menov et al., 2004). The slow shocks were observed in the
distant tail (X<−100RE) on the lobe-plasma sheet bound-
ary (e.g.Saito et al., 1995) and on the plasmoid bound-
aries atX∼−100RE (Mukai et al., 1996). Recently,Eriks-
son et al.(2004) reported observations of reconnection re-
lated shocks in the near-Earth tail. The shear stress balance
(Walén test, e.g.Khrabrov and Sonnerup, 1998) at fast flows,
implying plasma acceleration by magnetic tension and pre-
dicting near-Alfv́enic velocity of the accelerated plasma in
the de Hoffmann-Teller reference frame, was considered as
evidence of reconnection on the magnetopause (Paschmann
et al., 1979; Sonnerup et al., 1981; Paschmann et al., 1986)
and in the magnetotail (Øieroset et al., 2000; Eriksson et al.,
2004).

The observations of tailward flows in the near-Earth mag-
netotail, discussed in literature, attribute the flows to near-

Earth reconnection (e.g.Sergeev et al., 1995; Nagai et al.,
1998a; Miyashita et al., 2005). Alternative hypotheses of
a near-Earth flow onset are based on the current disruption
(CD) concept (e.g.Lui, 1996). The CD framework is based
on an idea of local decrease of the cross-tail current in the
near-Earth magnetotail at−8 to−12RE due to development
of instability after near-Earth current sheet thinning down to
a critical thickness. (seeLui, 2004, for a review). The re-
sulting inductive electric field leads to the drift motion of
plasma. This model predicts strong “turbulent” fluctuations
of the magnetic field (δB∼B), ion energization perpendic-
ular to the magnetic field and field-aligned electron beams
(Lui, 1996). Southward magnetic field tailward of CD, pro-
duced by local generation of dawnward current, may lead to
tailward bulk flow (Lui et al., 2006). Another possible mech-
anism of the near-Earth CD involves a development of the
ballooning instability at the inner edge of the plasma sheet
(Roux et al., 1991; Voronkov, 2005; Roux et al., 2006). This
model predicts quasi-periodic variations of the magnetic field
with the azimuthal wave numberky�(kx, kz). The tailward
plasma flow is due to electric drift. The CD region expands
tailward at a speed of 200–300 km/s (Ohtani et al., 1992)
as a front of the magnetic field dipolarization. The turbu-
lent CD-related tailward flow does not contain a plasmoid-
like magnetic structure or any orderly magnetic field pattern
(Lui et al., 2006). The j×B-force components are expected
to be rather chaotic within a plasma flow due to the turbu-
lent CD. The ballooning-based CD apparently can produce a
more regular magnetic structure.

In this paper we discuss in situ Cluster observations of a set
of successive tailward flow bursts in the near-Earth magne-
totail plasma sheet during 03:30–04:30 UT on 15 September
2001. The measurements at four probes, forming the tetrahe-
dron with the scale<2000 km, give the possibility to identify
spatial structures with scales comparable or larger than the
probes separation and discriminate between plasmoid-like
structures, NFTEs, and waves. Furthermore, four-point mag-
netic field measurements enable the estimation of the mag-
netic field gradient and magnetic tension inside the flows,
which may help to understand the process of their formation.

2 Instrumentation

For the analysis of the tailward flows, observed by Cluster at
X∼−19RE , we use magnetic field data from Cluster Flux
Gate Magnetometer (FGM,Balogh et al., 2001), ion data
from the Cluster Ion Spectrometry (CIS,Rème et al., 2001)
experiment and electron data from the Plasma Electron And
Current Experiment (PEACE,Johnstone et al., 1997). The
ion data are provided by Cluster 1 and 3 (called C1 and
C3 further on) Hot Ion Analyzer (HIA), with energy range
∼5 eV/e–32 keV/e, and the Composition Distribution Func-
tion (CODIF) instrument with energy range 20–40 keV/e and
by the Cluster 4 (C4) CODIF instrument. No ion data are
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Fig. 1. Solar wind dynamic pressure, IMFBy andBz , AL-index,
magnetic field at geostationary orbit, magnetic field (Bx andBz)
and ion bulk velocity (Vx) observed by C4 (blue) and C3 (red) in
the magnetotail during 00 - 06 UT on September 15, 2001. GSM
coordinate system is used for the vector components.

-14.9, 4.4] RE , GSM, at 0400 UT) and WIND satellites,
AL-index from the Kyoto monitor,He and Hp magnetic
field components at geostationary orbit,X and Z compo-
nents of the magnetic field and theX-component of the ion
bulk velocity in the magnetotail from the Cluster spacecraft.
The GSM coordinate system is used throughout this paper.
The substorm during 0000 - 0100 UT was associated with a
southward IMF and Earthward bursty bulk flow, detected by
Cluster. At∼0050UT,Bz at Geotail turned northward and
stayed predominantly northward, fluctuating between 0 and
10 nT during several hours, with several short turns south-
ward after 0340 UT. IMFBy at Geotail and WIND showed
similar variations with lag time of 5 minutes. The solar wind
dynamic pressure (Pdyn) decreased gradually from 8 down
to 3 nPa during 0300 - 0400 UT.AL increased to zero at
about 0250 UT. A gradual increase of theHe-component was
observed by GOES 8 at geostationary orbit during∼0230 -
0340 UT. Staying in the magnetotail plasma sheet (|Bx| <
20 nT) during 0100 - 0340 UT, Cluster detected a gradually
increasing magnetic field gradient (difference betweenBx

at C3 and C4, separated mainly alongZ) with negligible
ion bulk velocity. Bz gradually decreased during 0100 -
0330 UT. A set of bursty tailward flows were detected by
Cluster/CIS between 0340 - 0440UT. The frequency and am-
plitude of the magnetic field fluctuations increase during the
flows in comparison with those during 0100 - 0340UT.

A drop of He from ∼100 down to 70 nT with a simul-
taneous increase ofHp was observed by GOES 8 at the
onset of the first flow burst (0341 UT). IMFBz at Geotail
and WIND was positive (∼10 nT). A set of jump-like varia-
tions inBy andBz IMF were detected by WIND and Geo-
tail between 0320 - 0340 UT. Some minor activations (with
|AL| <100 nT) 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,
see Voronkov et al., 2006, for detailed description and tim-
ing) and the IMAGE satellite.

Further in this paper we will discuss the Cluster measure-
ments during the three tailward flows observed between 0340
- 0407 UT (highlited interval in Fig. 1). The state of the mag-
netosphere is changed rapidly at about 0407 UT (Voronkov
et al., 2006). This change is, most likely, triggered by short
southward IMF turn, detected by WIND and Geotail at about
0400 UT (see Fig. 1). The two intensive tailward flows at
0410 and at 0425 UT, as well as the flow reversal at about
0510 UT, studied by Xiao et al. (2006), are associated with
substorm signatures, while the less intensive flow bursts dur-
ing 0340 - 0407 UT correspond to rather pseudo-breakup ac-
tivations (Voronkov et al., 2006).

During 0330 - 0410 UT Cluster stayed in the magnetotail
plasma sheet at [-18.9, 3.4, -3.1] RE (barycenter), forming
a nearly regular tetrahedron with the largest inter-spacecraft
distance of 1750 km. Fig. 2 presents the spacecraft config-
uration with respect to the tetrahedron barycenter and the
summary plot of the Cluster observations during this inter-
val. The intervals corresponding to the three distinct succes-
sive tailward flow bursts, detected by Cluster, are markedA,
B, andC, respectively. Fig. 3 presents IMAGE-WIC aurora
observations, corresponding to the three intervals.

Before the first tailward flow was detected at 0341 UT,
plasma sheet was quiet (no ion velocity exceeding 50 km/s
was observed, Fig.2) and relatively hot, with ion energy
∼10 keV. The magnetic gradient in the current sheet was di-
rected alongZ (Bx at C3 was smaller than that at the other
three spacecraft),jy > (jx, jz). The current sheet half-
thickness, estimated using the Harris function (Harris, 1962),
varied between 1 - 2 RE (6000 - 10000 km).

The ion energy increased between 0341 - 0351 UT and
between 0359 - 0406 UT, somewhat exceeding the energy
range of the CIS instrument (40 keV). Ion 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
tailward ion bulk flow between 0341 - 0347 UT (A), 0349
- 0352 UT (B), and 0359 - 0406UT (C). The lobe mag-
netic field value locally increased and then decreased dur-
ing these intervals. Each tailward flow burst was associated
with large-scale (several minutes, 5 - 20 nT) variations of
the magnetic field and with increase of the magnetic field
small scale fluctuations (10 - 200 s, several nT). In average,

Fig. 1. Solar wind dynamic pressure, IMFBy andBz, AL-index, magnetic field at geostationary orbit, magnetic field (Bx andBz) and ion
bulk velocity (Vx ) 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
the measurement of the electron flux with energy 10 eV–
26.5 keV; the PEACE data are provided by all four space-
craft. The telemetry transmission worked in the burst mode
from 00:30 till 04:30 UT during the event discussed below,
providing one ion and one electron distribution functions per
spacecraft spin (∼4 s), and the magnetic field with maximum
time resolution is 67 Hz.

3 Event description

Figure 1 presents an overview plot of the interplanetary
media, and the magnetosphere state history during 00:00–
06:00 UT on 15 September 2001: The solar wind dynamic
pressurePdyn at the WIND satellite orbit ([53.5,−38.9,
19.4]RE , GSM, at 04:00 UT), IMFBy and Bz at Geotail

([9.1, −14.9, 4.4]RE , GSM, at 04:00 UT) and WIND satel-
lites, AL-index from the Kyoto monitor,He andHp mag-
netic field components at geostationary orbit, X- and Z-
components of the magnetic field and the X-component of
the ion bulk velocity in the magnetotail from the Cluster
spacecraft. The GSM coordinate system is used through-
out this paper. The substorm during 00:00–01:00 UT was
associated with a southward IMF and Earthward bursty bulk
flow, detected by Cluster. At∼00:50 UT, Bz at Geotail
turned northward and stayed predominantly northward, fluc-
tuating between 0 and 10 nT during several hours, with sev-
eral short turns southward after 03:40 UT. IMFBy at Geotail
and WIND showed similar variations with lag time of 5 min.
The solar wind dynamic pressure (Pdyn) decreased gradually
from 8 down to 3 nPa during 03:00–04:00 UT.AL increased
to zero at about 02:50 UT. A gradual increase of theHe-
component was observed by GOES 8 at geostationary orbit
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Fig. 2. Cluster spacecraft configuration and Cluster observations
during 03:30–04:10 UT on 15 September 2001. From top to bot-
tom: The lobe magnetic field strength (BL), estimated assuming
pressure balance;X,Y , andZ GSM components of the magnetic
field from C1 (black), C2 (red), C3 (green) and C4 (blue);X,Y ,
andZ GSM components of the electric current, The Harris estimate
of the current sheet half-thickness; Ion time-energy spectrograms
from C3 HIA for tailward (T), dawnward (DA), Earthward (E), and
duskward (DU) streaming sectors separately; Ion bulk velocities at
C1, C3 and C4; The convective electric fieldEc=−V×B (absolute
value).

during∼02:30–03:40 UT. Staying in the magnetotail plasma
sheet (|Bx |<20 nT) during 01:00–03:40 UT, Cluster detected
a gradually increasing magnetic field gradient (difference be-
tweenBx at C3 and C4, separated mainly alongZ) with
negligible ion bulk velocity.Bz gradually decreased during
01:00–03:30 UT. A set of bursty tailward flows were detected
by Cluster/CIS between 03:40–04:40 UT. The frequency and
amplitude of the magnetic field fluctuations increase during
the flows in comparison with those during 01:00–03:40 UT.

A drop of He from ∼100 down to 70 nT with a simul-
taneous increase ofHp was observed by GOES 8 at the
onset of the first flow burst (03:41 UT). IMFBz at Geotail
and WIND was positive (∼10 nT). A set of jump-like varia-
tions in By andBz IMF were detected by WIND and Geo-
tail between 03:20–03:40 UT. Some minor activations (with
|AL|<100 nT) 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 Fig.1). 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 Fig.1). 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 byXiao 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 (Voronkov et al., 2006).

During 03:30–04:10 UT Cluster stayed in the magnetotail
plasma sheet at [−18.9, 3.4,−3.1]RE (barycenter), forming
a nearly regular tetrahedron with the largest inter-spacecraft
distance of 1750 km. Figure2 presents the spacecraft con-
figuration with respect to the tetrahedron barycenter and the
summary plot of the Cluster observations during this interval.
The intervals corresponding to the three distinct successive
tailward flow bursts, detected by Cluster, are markedA, B,
andC, respectively. Figure3 presents IMAGE-WIC aurora
observations, corresponding to the three intervals.

Before the first tailward flow was detected at 03:41 UT,
plasma sheet was quiet (no ion velocity exceeding 50 km/s
was observed, Fig.2) and relatively hot, with ion energy
∼10 keV. The magnetic gradient in the current sheet was
directed alongZ (Bx at C3 was smaller than that at the
other three spacecraft),jy>(jx, jz). The current sheet half-
thickness, estimated using the Harris function (Harris, 1962),
varied between 1–2RE (6000–10 000 km).

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). Ion 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
tailward ion bulk flow between 03:41–03:47 UT (A), 03:49–
03:52 UT (B), and 03:59–04:06 UT (C). The lobe magnetic
field value locally increased and then decreased during these
intervals. Each tailward flow burst was associated with large-
scale (several minutes, 5–20 nT) variations of the magnetic
field and with increase of the magnetic field small scale fluc-
tuations (10–200 s, several nT). In average, all three tailward
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Fig. 2. Cluster spacecraft configuration and Cluster observations
during 0330 - 0410 UT on September 15, 2001. From top to bot-
tom: The lobe magnetic field strength (BL), estimated assuming
pressure balance;X,Y , andZ GSM components of the magnetic
field from C1 (black), C2 (red), C3 (green) and C4 (blue);X,Y ,
andZ GSM components of the electric current, The Harris estimate
of the current sheet half-thickness; Ion time-energy spectrograms
from C3 HIA for tailward (T), dawnward (DA), Earthward (E), and
duskward (DU) streaming sectors separately; Ion bulk velocities at
C1, C3 and C4; The convective electric fieldEc = −V×B (abso-
lute value).

all three tailward flow bursts correspond to negative varia-
tion of Bz. Variations ofBy were up to∼20 nT, and neg-
ative in the northern half of the current sheet (Bx >0) and
positive in the southern one (Bx <0). The current den-
sity, derived from four-point magnetic field measurements
(e.g., Chanteur, 1998), increased during intervalsB andC
up to j ∼10 nA/m2 from j ∼3 - 5 nA/m2 before the flow
onsets, but fluctuated around∼4 nA/m2 during intervalA.
jy remained positive, indicating a constant presence of the
cross-tail current during the flow bursts;jx andjz showed

A

B

C

0343 UT

0347 UT

0404 UT

Fig. 3. IMAGE WIC snapshots at onsets of the auroral activation
corresponding to the three tailward flows (A, B, andC) detected
by Cluster between 0340 - 0410 UT. Cluster foot points (T89) are
marked by black squares.

large-amplitude variations (up to 10 nA/m2, often with sign
change), manifesting a complex, 3D structure of the mag-
netic field within the flow bursts. The current sheet was thin-
ning down to∼3000km during intervalsB andC. Ion mo-
ments computed from HIA (C3) and CODIF (C1 and C4) ion
distributions are very similar. The increases of the convective
electric fieldEc = −V×B indicate a large rate of the mag-
netic flux transport during the three flow bursts. Thus, the
criteria of the flow bursts (|Ec| > 2 mV/m, e.g., Nakamura
et al., 2001) are satisfied.

4 Detailed analysis of Cluster observations

In this section we analyze the magnetic field, ion moments
and electron ET spectra during the three tailward flow in-
tervals separately. We visually inspect the low-pass filtered
(cut-off frequency is 1/8 Hz) 1-s averaged magnetic field time
series and corresponding vector derivatives (magnetic field
curl, magnetic tensions and magnetic pressure gradient) plot-

Fig. 3. IMAGE WIC snapshots at onsets of the auroral activation
corresponding to the three tailward flows (A, B, andC) detected
by Cluster between 03:40–04:10 UT. Cluster foot points (T89) are
marked by black squares.

flow bursts correspond to negative variation ofBz. Varia-
tions ofBy were up to∼20 nT, and negative in the northern
half of the current sheet (Bx>0) and positive in the south-
ern one (Bx<0). The current density, derived from four-
point magnetic field measurements (e.g.Chanteur, 1998), in-
creased during intervalsB andC up to j∼10 nA/m2 from
j∼3–5 nA/m2 before the flow onsets, but fluctuated around
∼4 nA/m2 during intervalA. jy remained positive, indicat-
ing a constant presence of the cross-tail current during the
flow bursts;jx andjz showed large-amplitude variations (up
to 10 nA/m2, often with sign change), manifesting a com-
plex, 3-D structure of the magnetic field within the flow
bursts. The current sheet was thinning down to∼3000 km
during intervalsB andC. Ion moments computed from HIA
(C3) and CODIF (C1 and C4) ion distributions are very simi-
lar. The increases of the convective electric fieldEc=−V×B
indicate a large rate of the magnetic flux transport during the
three flow bursts. Thus, the criteria of the flow bursts (|Ec|>

2 mV/m, e.g.Nakamura et al., 2001) are satisfied.
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Fig. 4. Cluster observation during intervalA. From top to bot-
tom: Magnetic field magnitude;X, Y , andZ components of the
magnetic field at the four spacecraft; standard deviation ofB; X, Y ,
andZ components of the electric current densityj=µ−1

0 ∇×B; The
angle betweenj andB; X, Y , andZ components of thej×B force,
magnetic pressure gradient and magnetic field tensions; ion and to-
tal pressures;X andY components of the ion bulk velocity; and
Y andZ components of theEc=−V×B electric field. The GSM
coordinate system is used for vectors.

4 Detailed analysis of Cluster observations

In this section we analyze the magnetic field, ion moments
and electron ET spectra during the three tailward flow in-
tervals separately. We visually inspect the low-pass filtered
(cut-off frequency is 1/8 Hz) 1-s averaged magnetic field
time series and corresponding vector derivatives (magnetic
field curl, magnetic tensions and magnetic pressure gradi-
ent) plotted in the GSM coordinate system to identify spatial
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structures. Then, their properties are studied, using, if neces-
sary, coordinate rotation.

4.1 IntervalA

Figure4 presents Cluster observations during the first tail-
ward flow burst (03:40–03:47 UT, intervalA). During the
entire 7-min long interval Cluster was located in the northern
half of the central plasma sheet. The magnetograms at all
four spacecraft are of similar shape and close together. The
most southern spacecraft (C3) showed the lowestBx until
∼03:45 UT. After 03:45 UTBx at all four probes dropped to
very low values, indicating an entrance to the thick sheet with
uniformly weak magnetic field. The electric current density
(j=µ−1

0 ∇×B) varied between−4 and 4 nA/m2, with jx>0
and a set of bipolar variation ofjx andjz till ∼03:45 UT. In-
tervals of the two distinct magnetic field variations (between
03:41:40–03:43:00 UT and between 03:43:00–03:46:00 UT)
are marked byA1 andA2, respectively. During intervalA1,
the angle betweenj and b (b̂, j ) deviates from 90◦ first to
30◦ at 03:42 UT, then to 140◦, then gradually turns to the di-
rection perpendicular tob. During intervalA2, b̂, j varies be-
tween 100◦ and 180◦. Cluster started to detect a tailward bulk
flow with Vx<−50 km/s at∼03:41 UT. The Y-component of
the bulk velocity was negligible comparing withVx . The
flow decays at∼03:47 UT. Until 03:44:40 UT, thej×B force
was mainly contributed by the magnetic pressure gradient
(∇Pb), the magnetic tension force (µ−1

0 (B·∇)B) was a fac-
tor of 2 smaller than∇Pb; the ∇zPb-component was the
largest one and positive atBx>0. Both the ion pressurePi

and the sum of ion and magnetic pressurePt=nkTi+B2/2µ0
gradually increased until∼03:42 UT. At∼03:42 UT the ion
pressure dropped down, showing a broad minimum dur-
ing 03:43:30–03:45:30 UT. The total pressure decreased af-
ter 03:42 UT too, then increased with a local maximum at
∼03:43:30 UT. During 03:43:30–03:45:30 UT the total pres-
sure was 15% larger than the ion pressure. The cross-tail
(Y ) and vertical (Z) components of the−V×B electric field
showed a broad maximum withEy∼4 mV/m and a min-
imum with Ez∼−5 mV/m between 03:43:30–03:45:30 UT.
The magnetic field fluctuations, calculated from non-filtered
FGM data as standard deviations ofB within 12 s (3 spins)
sliding windows increased simultaneously with the bulk flow,
but do not exceed 0.3〈B〉 during intervals of significant flux
transfer (Ec>2 mV/m).

Performing the deHoffmann-Teller analysis (HT analy-
sis, Khrabrov and Sonnerup, 1998) to the the first inter-
val of enhanced tailward flow (03:41:40–03:44:10 UT), we
determined theHT -frame velocityVHT =[−276.7,−31.89,
−78.52] (results for C1). TheEc vs.EHT =VHT ×B correla-
tion coefficient is cc=0.98, and the linear regression slope is
s=1.017 for C1. Results for C3 and C4 are very similar. Thus,
the HT -frame is well determined, showing the presence of
quasi-static structure moving mainly tailward in respect to
the spacecraft. Regression analysis of the local Alfvén ve-

locity Va=B/
√

ρµ0 and the ion velocity in theHT -frame
V′

=V−VHT (Walén test) gives the correlation coefficient
0.15, and the slope 0.27 (see for comparisonEriksson et al.,
2004). Thus, no significant plasma acceleration in theHT

frame, required by the fast reconnection model, was detected.
The electron pitch-angle ET spectrograms from the

PEACE instrument at all four spacecraft are shown in Fig.5.
The plot shows electron fluxes at energies in the range 50–
10 000 eV, subdivided into 6 bins. The central energy for
each bin is shown at the left panel. Each panel shows the
pitch-angle distribution (PAD) in the specified energy range
with the parallel flux (0◦ PA) on the bottom and the anti-
parallel (180◦ PA) on the top of the panel. During interval
A1 Cluster detected a low energy (∼100–300 eV) electron
flux parallel and anti-parallel to the magnetic field (0 and
180◦ more visible at C1, C2 and C4, and less visible at C3),
and more isotropic atE ∼1–3 keV. During intervalA2 the
low energy electron flux disappeared; Cluster detected an in-
creasing flux of 0.5–3 keV 0 and 180◦ PA electrons. This flux
increased is more pronounced at the most southern spacecraft
C3, less pronounced at C1, C2, and C4. C2 started to detect
the enhanced electron flux somewhat earlier than the other
probes. Since the average magnetic field direction during the
electron flux enhancement was [0.78,−0.56,−0.20] at C1,
[0.61,−0.68,−0.38] at C2, [0.57,−0.66,−0.47] at C3, and
[0.79, −0.54, −0.21] at C4, the∼1 keV electrons showed
significant counter-streaming motion in the cross-tail (±Y )
direction.

During intervalA1 all four spacecraft detected significant
and similar shape variations of theY andZ magnetic field
components, while amplitudes ofBx variations did not ex-
ceed∼5 nT. By at the barycenter, previously slightly neg-
ative, first increasee to 4 nT then decreased down to−9 nT,
then increases again to 4 nT.Bz first increased up to 5 nT then
decreased down to−2 nT.

Minimum Variance Analysis (MVA, e.g.Sonnerup and
Scheible, 1998) of the magnetic field at the Cluster barycen-
ter (average magnetic field at the four probes) yields for in-
tervalA1 the eigenvaluesλ=[10.7, 3.32, 0.39], and the cor-
responding eigenvectors (in GSM)N1=[0.28, 0.91, 0.32],
N2=[0.38, 0.19,−0.91], N3=[−0.88, 0.38,−0.29]. Thus,
the maximum, intermediate and minimum variance compo-
nent of the magnetic field are directed mainly alongY , −Z,
and−X, respectively. Figure6 shows the magnetic field time
series during intervalA1 in the MVA frame. The minimum
and intermediate variance component variations have small
amplitude, while the maximum variance component experi-
ences two bipolar variations with amplitude of 15 nT. The
traces ofBmax are of the same shape at all four spacecraft,
indicating a spatial structure passing by the Cluster constel-
lation at the onset of the fast tailward flow. Figure7 (panels a
and b) presents the magnetic field vectors at the four space-
craft plotted in projection onto theXY (close to min–max)
andXZ (close to min–int) planes. During intervalA1, Clus-
ter crosses a region where the magnetic field turns dawnward
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Fig. 5. Cluster PEACE pitch angle distribution (Spin PAD) energy-time spectrograms, interval A. Dashed line boxes show intervalsA1 and
A2.

and exhibits the bipolar north-to-south variation. C1, C2, and
C3 showed a short increase of|B|, while C4 showed a local
minimum of|B|.

The similarity of theBmax trace shapes at the four probes
enables timing analysis (Harvey, 1998) of the Bmax. Four-
point timing gives a unique solution of linear system for
three components of the velocity normal to the planar bound-
ary crossed by spacecraft. In our case, the dominant com-
ponent of the plasma velocity is tailward (Fig.4). We as-
sume that the magnetic structure is transported by the plasma
flow, i.e. moves tailward. Thus, a deviation of the tim-
ing normal from pure tailward direction gives a tilt of the
boundary inXY andXZ planes, indicating a curved shape
of the tailward moving magnetic structure encountered by
the spacecraft constellation. Timing results areVn=[−0.35,
−0.09, 0.93]·110 km/s for the first boundary (around the time

mark 40 s) andVn=[−0.49, 0.66,−0.56]·160 km/s for the
second one (time mark 60 s). An interpretation sketch is
shown in Fig.7c. The first boundary is moving tailward
and northward, indicating Cluster encounters the tailward
moving surge with the magnetic field elevation. The second
one moves tailward and southward, indicating Cluster exit
the magnetic surge. The Y-component of the normal to the
first boundary is negative, however small, while for the sec-
ond boundary,ny is positive and large. These results may
be interpreted as signatures of crossing the tailward mov-
ing magnetic structure with an ellipsoid-like boundary. The
spacecraft crosses the structure close to its dawn-side edge,
entering through dawnward moving boundary and exiting
through duskward moving one. This boundary is shown by
dashed line on the interpretation sketch (Fig.7c). The pres-
ence of the north-southBz variation and strong−By may
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time, s

Fig. 6. Interval A1: Magnetic field observations in the variance
frame. Time is in seconds after 03:41:40 UT.

be interpreted as signatures of the left-handed flux rope like
structure (Slavin et al., 2003). Yet, the MVA results dis-
agree with classic constant-α model (see, e.g.Slavin et al.,
2003; Henderson et al., 2006). 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 also
may be an NFTE-type (Sergeev et al., 1992) or CD-related
(Ohtani et al., 2004) surge of the current sheet. The electric
current deviated from the perpendicular direction to∼150◦,
and |j×B| has a local minimum duringA1. TheX-aligned
scale of this structure, estimated from the averageVx dur-
ing 03:42:00–03:42:50 (∼170 km/s) and the duration of the
structure observation, is∼8000 km∼1.25RE .

During intervalA2 the total magnetic field first increased
up to 15 nT, varies at this level, and decreased down to
1 nT. SinceBx is rather stable during the major part of this
interval, except for the the drop at∼03:45:30 UT, the in-
creased of|B| is due to large|By | and |Bz| (both are neg-
ative). Timing analysis of the|B|-traces (Fig.4) gives for the
first boundary (03:43:15–03:43:32 UT)Vn=[−0.59,−0.41,
−0.69]·194 km/s and for the second one (∼03:45:30 UT)
Vn=[−0.34, 0.76, 0.55]·101 km/s. Thus, show that the first
boundary moved tailward, dawnward and southward while
the second one moved tailward, duskward and northward. In
a volume, bounded by these fronts, the magnetic field ro-
tated from the Earthward-duskward-northward to Earthward-
dawnward-southward enhancing its strength due to increase
of cross-tail component magnitude, anti-parallel to the elec-
tric current. During a short time between∼03:43:15–
03:43:30 the magnetic tension and the magnetic pressure gra-
dient were comparable and the Z-component of the magnetic
tension force is negative (Cluster was in northern half of
the plasma sheet). Then, thej×B force was dominated by
the magnetic pressure gradient, and the Z-component ofB-
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Fig. 7. Interval A1: Projections of the magnetic field at the four
s/c (black arrows) onto the XY(a) and XZ(b) GSM planes at three
successive instances. The 3-D interpretation cartoon(c) shows a
view to the equatorial plane from above. The dashed arrow indicates
the spacecraft barycenter motion relative to the magnetic structure.
Thick dashed line denotes the boundary of the magnetic structure.
The solid lines represent the magnetic field force lines.

tension changes its sign to positive. Since∇zPb dominates
andjy>0 and relatively stable, the spacecraft probe a sheet-
like structure with the normal close toZGSM.

Figure 8 presents the magnetic field vectors at the four
spacecraft in XY- and XZ-planes at 03:43:00 UT (ahead of
the structure), 03:44:00, 04:45:00 and 03:45:30 UT. The bot-
tom panel presents an interpretation scheme: the solid lines
present the magnetic filed field force lines. Cluster crossed
anX-elongated magnetic field surge with the field-line cur-
vature first directed along−Z then along+Z. The structure
was bounded in the cross-tail direction, and Cluster enters
through its dawn-side boundary and crossed this object near
its dawn-side edge (see Fig.7c). This explains the fact, that
most duskward probe (C2) started to detects the electron flux
enhancement earlier and detected it longer than the others
(see Fig.5). The duration of this structure is about 130 s and
average ion velocity∼315 km/s, which gives the structure
length∼6RE . These observations may be interpreted as the
signatures of the post plasmoid plasma sheet (e.g.Ieda et al.,
1998) with anX-elongated southward magnetic field loop.

4.2 IntervalB

Figure 9 presents the Cluster measurements and the mag-
netic field derivatives calculated during intervalB. A
magnetic field structure, associated with theEc enhance-
ment up to∼4 mV/m, was observed between 03:49:30–
03:50:30 UT (dashed-line box). The tailward velocity grows
up to |V |∼400 km/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) onXY (a) and onXZ (b) GSM planes at four
successive instances. Panel(c) presents the interpretation cartoon.

increased from∼10 to∼20 nT.Bx is positive at C1, C2 and
C4 (the northern group), while the most southern probe (C3)
measuredBx fluctuating near zero level.Bx at the northern
group increased around 03:50:00 UT, whileBx at C3 slightly
decreased, down to−4 nT at this time.By shows a remark-
able north-south difference:By at the northern group dis-
played a pronounced minimum with the value of−17 nT
around 03:50:00 UT (∼15 s early at C2), whileBy at C3
slowly varied around zero with a local maximum (∼2 nT)
at this instance.Bz at the northern group exhibited a clear
bipolar variation, changing from∼4 to ∼−10 nT.Bz at C3
showed no positive variation, gradually decreasing from ap-
proximately zero to∼−10 nT. The Y-component of the cur-
rent density was positive, whilejx and jz (jy>|jx |, |jz|)
showed bipolar variations (jz changes sign from negative to
positive). j was close to be perpendicular to the magnetic
field ahead of the structure;̂b, j varied between 90◦ and 120◦

inside the structure, because of the duskward rotation ofb
with ∇B directed mainly northward (j deviation from the
nominal direction did not exceed 20◦ around 03:50:00 UT).
TheZ-component of thej×B force was negative (Bx>0 at
the Cluster barycenter;|(j×B)z|>|(j×B)x |, |(j×B)y |). The
magnetic field gradient was a factor of 7 larger than theB-
tension force. The major contribution to the force was from
∇zPb. The X-component of theB-tension force changed sign
from positive to negative, corresponding to theBz change.
The Y- and Z-components of theB-tension force were ap-
proximately of the same value as theX-component, and
changed their signs from negative to positive (Y ) and from
positive to negative (Z), indicating that Cluster crossed a 3-
D structure. The total pressure at C1 and C4 had a local
maximum near 03:49:45 UT, whilePt at C3 shows no sig-
nificant change. The ion thermal pressure slightly decreased.
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Fig. 9. Cluster observation during intervalB: The same format as
in Fig. 4.

BothBy andBz turned back to nearly zero after the structure
passage.

HT analysis of the the C4 data during intervalB gives
VHT =[−323.2, 104.2, −26.86], the HT-frame is well de-
fined: cc=0.99 and the s=1.034. Walén test with cc=0.66 and
s=0.319 shows no significant plasma acceleration in theHT -
frame. The local Alfv́en velocity was∼400 km/s.

The electron ET spectra for intervalB 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 03:50:00–03:50:45 UT. C2, again, started to detect
the electron flux enhancement earlier and detected it during
longer time than the other probes. The flux of electrons with
energies<300 eV sufficiently decreases. The average mag-
netic field direction during the electron flux enhancement
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Fig. 10. Cluster PEACE PAD ET spectrograms, intervalB.

was [0.75,−0.39,−0.45] at C1, [0.68,−0.37,−0.61] at C2,
[0.11,−0.18,−0.95] at C3, and [0.71,−0.48,−0.42] at C4.
The parallel and anti-parallel electron fluxes started increas-
ing about 10 s later on the center of the magnetic structure
(Bz=0) was detected.

The magnetic field variations (increase of|B|, strong
By<0, north-to-south variation ofBz), observed by the
northern group of the spacecraft (C1, C2, and C4) may be in-
terpreted as the signatures of a left-handed flux rope (Slavin
et al., 2003). Staying nearBx=0, C3, however, showed dif-
ferent signatures:By≥0, Bz<0 (no bipolar signatures), no
increase ofPb. According to the flux rope interpretation, one
expects the same direction of the core filed in the center and
at the northern half of the rope. The proper interpretation
should explain theBy difference, and the absence of bipolar
signatures in C3B-trace.

Since the average direction of the current density vector
was close toY (ej =[0.37, 0.80,−0.19]) and the average
direction of the magnetic pressure gradient, pointing along
the normal, was close toZ (epb=[0.22, 0.10, 0.94]), the
GSM system is a good proxy for the natural coordinates.
Figure 11a–c presents a multi-point view of the magnetic
field structure inXY , XZ, andYZ planes. The observa-
tions are interpreted in the following way. During 03:49:30–
03:50:30 UT Cluster crossed a magnetic loop, closed from
the tailward side with the north-south size comparable or
larger than the Cluster inter-spacecraft separation, embedded
into a more thicker current sheet C3, crossing the the struc-
ture near it’s axis did not detect a northwardBz, showing
Bz<0, while the northern group (C1, C2, C4) detected north
to southBz variation. The northwardBz turn is due to lo-
cal magnetic field compression by the plasma flow. This can
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Fig. 11. Interval B: Projections of the magnetic field at the four
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explain the increase of the magnetic pressure, detected by the
northern group. Thus, the situation resembling rather NFTE
with the magnetic structure similar to quasi-plasmoid config-
uration obtained in simulations of nonlinear plasmoid evolu-
tion (Abe and Hoshino, 2001), than a flux rope. However,
the observed structure is more complex, including an out-of-
plane magnetic field component (By) directed dawnward in
the northern half and, likely, duskward in the southern half
of the loop (C3 atBx≤0 detectsBy≥0). The length of this
structure along X-direction, estimated using〈Vx〉∼150 km/s
and the structure duration,∼60 s, is∼1.5RE .

The magnetic field variation as well as the electron flux
enhancement was first detected by C2, then by C3, C1 and
finally by C4. This indicates that the magnetic structure was
bounded in cross-tail direction, and crossed by Cluster near
its dawn-side boundary, like it shown in Fig.7c (valid for
northern half of the structure only). In this case, C2 stayed
within the structure longer than than the other probes, which
can explain a longer interval of enhanced electron flux, ob-
served by C2. The enhancement of bi-directional electron
flux indicates, that the loop is closed further downtail.

4.3 IntervalC

Figure 12 presents summary plot of Cluster measurements
during intervalC, when Cluster detects the tailward ion flow
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Fig. 12. Cluster observation during intervalC: The same format as
in Fig. 4.

with maximum velocity of 400 km/s. Magnetic field varia-
tions, associated with significant flux transfer (Ec∼3 mV/m,
|Ecz|>Ecy) were detected during 04:00:30–04:02:00 UT
(dashed-line box). The magnetic field absolute value in-
creased from∼5 to ∼15 nT whileBx decreases.By at C1,
C2, and C4 (all are situated in the northern part of the plasma
sheet) experienced a negative variation with amplitude of
10 nT, whileBy at C3, located near the neutral sheet in the
southern part of the sheet (−5<Bx<−1 nT), exhibited a pos-
itive By variation with amplitude of 10 nT. All four probes
detected bipolar variation ofBz with Bz∼0 at the maximum
of |By |. These magnetic field variations corresponded to a lo-
cal enhancement of the X-component of the current density.
Thej×B force had a local maximum in Z- and a bipolar vari-
ation in the Y-components.[j×B]x stayed close to zero until
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Fig. 13. Cluster PEACE PAD energy-time spectrograms, intervalC.

∼04:01:20 UT then turned negative simultaneously with the
decrease of the total and ion pressures. The center of the
bipolarBz variation coincided with the local maximum ofPt .
The current density vector was directed mainly perpendicu-
lar to the instantaneous magnetic field: ((b̂j) varied between
80–120◦).

HT analysis of the C1 data during 03:59:40–04:02:00 UT
results withVHT =[−208.7, 56.14,−57.86] km/s with well
defined HT -frame: cc=0.98, s=1.01. Walèn test with
cc=0.511 and s=0.226 again shows vanishing acceleration of
plasma in theHT -frame.

Figure13 presents electron ET spectrograms for interval
C. During 04:01:30–04:02:30 UT, when the above described
magnetic field structure was observed, all the four spacecraft
detected local enhancement of parallel and antiparallel elec-
tron fluxes with energies of 0.5–3 keV. The flux enhance-

ment was first detected by C1 and C3, then by C2 and C4,
contrary to the observations during intervalB. Some, but
smaller enhancement of the perpendicular flux was also de-
tected mainly after 04:02:00 UT. Again a sufficient decrease
of low energy<200 eV electron flux after 04:01:30 UT was
detected. The average magnetic field direction during the
electron flux increase was [0.21,−0.19,−0.64] at C1, [0.34,
−0.27,−0.59] at C2, [−0.52, 0.51,−0.66] at C3, and [0.53,
−0.49, −0.53] at C4. The electron flux features were the
same at C3, situated in the southern half of plasma sheet de-
tecting duskward magnetic field, and at C1, C2, C4, located
in the northern half and detecting dawnward magnetic field.
The increase of electron flux started about 10–15 s later than
Bz=0 was detected (∼04:01:15 UT).

Although the By and Bz signatures during 04:01:00–
04:02:00 UT were similar to that during intervalB, theBx
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behavior, and timing of the bi-polarBz variations at the
four probes are different. The difference betweenBx at
the northern group and that at C3 (1Bx) decreased while
1By increased, indicating a presence ofX-directed cur-
rent. Figure14 shows projections of the magnetic field vec-
tors at the four spacecraft ontoXY , XZ, andYZ planes at
04:01:00 and 04:01:30 UT. At 04:01:00 UT Cluster crossed
the loop with northward directed magnetic field (Bz>0), and
at 04:01:30 UT Cluster crosses the loop of southward di-
rected magnetic field (Bz<0). Timing of Bz time series
shows that the maximumBz was first detected by C1 then
by C3, C2, and, finally, by C4. The lag time vector (with re-
spect to C1) isdt=[6., 5., 8.] s, which gives the normal veloc-
ity Vn=[−0.91, 0.42, 0.04]·210 km/s. The minimumBz was
detected with the lagdt=[6, 4, 10] s with respect to C1. This
givesVn=[−0.93, 0.28, 0.23]·170 km/s: contrary to observa-
tions during intervalB, the both boundaries move duskward
with respect to the spacecraft. The magnetic field observa-
tions showed signatures of a current filament, withjx>jy ,
transported by the ion bulk flow. Cluster crossed the mag-
netic structure entering through its dusk-side boundary with
(B·∇)B<0, and exiting through its dawn-side boundary, de-
tecting (B·∇)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, because theB-tension force
was directed mainly along±Y , while the∇Pb was directed
mainly alongZ. Current density vector did not significantly
deviate from theB-perpendicular direction. The cross-tail
size of this structure may be roughly estimated using mean
value of Vy at 04:01:00–04:01:45 UT, equals to∼60 km/s
and the lag between negative and positive(B·∇)B peaks,
∼45 s. This yieldsLy=2700 km∼0.5RE . The scale along
X estimated form〈Vx〉∼200 km/s and the structure duration
is about 1.5RE .

5 Discussion and conclusions

We have shown in-situ observations of three succes-
sive 2–7 min long tailward flow bursts with velocities of
about 400 km/s detected in the near-Earth magnetotail at
XGSM=−18.9RE near the midnight meridian. In contrast
with previously discussed observations of tailward fast flows
in the near-Earth magnetotail (Nagai et al., 1998a; Eriksson
et al., 2004; Miyashita et al., 2005), these three flow bursts
were observed during northward IMF. IMFBz was north-
ward (of 5–10 nT) during∼2.5 h before the first tailward flow
was observed. IMFBy was mainly dawnward and fluctuat-
ing. The first flow was detected 2.5 h after the large substorm
followed byBz decreasing after a strong dipolarization (see
Fig. 1), accompanied by the gradual increase of the magnetic
gradient in the current sheet. Thus, the activity in the near-
Earth magnetotail plasma sheet, leading to tailward flows,
was, likely, internally triggered.
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Fig. 14. IntervalC: Projections of the magnetic field at the four s/c
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left in panels a and b, and from left to right in panel c, according
to the spacecraft pass (dashed arrow) through the structure. Panels
d and e present the interpretation scheme. Red arrows in panel d
indicate the electric current direction.

0.27,-0.59] at C2, [-0.52, 0.51,-0.66] at C3, and [0.53,-0.49,-
0.53] at C4. The electron flux features were the same at
C3, situated in the southern half of plasma sheet detecting
duskward magnetic field, and at C1, C2, C4, located in the
northern half and detecting dawnward magnetic field. The in-
crease of electron flux started about 10 - 15 s later thanBz=0
was detected (∼0401:15UT).

Although the By and Bz signatures during 0401:00 -
0402:00UT were similar to that during intervalB, the Bx

behavior, and timing of the bi-polarBz variations at the
four probes are different. The difference betweenBx at
the northern group and that at C3 (∆Bx) decreased while
∆By increased, indicating a presence ofX-directed current.
Fig. 14 shows projections of the magnetic field vectors at the
four spacecraft ontoXY , XZ, andY Z planes at 0401:00
and 0401:30UT. At 0401:00UT Cluster crossed the loop
with northward directed magnetic field (Bz > 0), and at
0401:30UT Cluster crosses the loop of southward directed
magnetic field (Bz < 0). Timing of Bz time series shows
that the maximumBz was first detected by C1 then by C3,

C2, and, finally, by C4. The lag time vector (with respect
to C1) isdt=[6., 5., 8.] s, which gives the normal velocity
Vn=[-0.91, 0.42, 0.04]·210km/s. The minimumBz was de-
tected with the lagdt=[6, 4, 10] s with respect to C1. This
givesVn=[-0.93, 0.28, 0.23]·170km/s: contrary to observa-
tions during intervalB, the both boundaries move duskward
with respect to the spacecraft. The magnetic field observa-
tions showed signatures of a current filament, withjx > jy,
transported by the ion bulk flow. Cluster crossed the mag-
netic structure entering through its dusk-side boundary with
(B · ∇)B <0, and exiting through its dawn-side boundary,
detecting(B · ∇)B >0. The interpretation scheme is shown
in Fig. 14 (d and e). Although the magnetic tension magni-
tude is comparable with that of the magnetic pressure gradi-
ent, the structure was not force-free, because theB-tension
force was directed mainly along±Y , while the∇Pb was di-
rected mainly alongZ. Current density vector did not sig-
nificantly deviate from theB-perpendicular direction. The
cross-tail size of this structure may be roughly estimated us-
ing mean value ofVy at 0401:00 - 0401:45UT, equals to
∼60 km/s and the lag between negative and positive(B·∇)B
peaks,∼45 s. This yieldsLy=2700km∼0.5 RE . The scale
alongX estimated form〈Vx〉 ∼200 km/s and the structure
duration is about 1.5 RE .

5 Discussion and Conclusions

We have shown in-situ observations of three successive 2
- 7 min long tailward flow bursts with velocities of about
400 km/s detected in the near-Earth magnetotail atXGSM=-
18.9 RE near the midnight meridian. In contrast with pre-
viously discussed observations of tailward fast flows in the
near-Earth magnetotail (Nagai et al., 1998a; Eriksson et al.,
2004; Miyashita et al., 2005), these three flow bursts were
observed during northward IMF. IMFBz was northward (of
5 - 10 nT) during∼2.5 hours before the first tailward flow
was observed. IMFBy was mainly dawnward and fluctu-
ating. The first flow was detected 2.5 hours after the large
substorm followed byBz decreasing after a strong dipolar-
ization (see Fig. 1), accompanied by the gradual increase of
the magnetic gradient in the current sheet. Thus, the activity
in the near-Earth magnetotail plasma sheet, leading to tail-
ward flows, was, likely, internally triggered.

The magnetic field fluctuationsσ(B) were about 0.4〈B〉
during the flow bursts, therefore turbulent current disrup-
tion, impliesσ(B) ∼ 〈B〉 (e.g., Lui, 1996; Lui et al., 2006),
hardly can be a mechanism of the flow generation.jy is posi-
tive and increases during the flow intervalsB andC, thus, the
ballooning mechanism, implying the generation of the dusk-
dawn component of the electric current (Roux et al., 1991,
2006), can not be considered as the source of these two tail-
ward flow bursts either. During intervalA, however,jy was
oscillating between -1 to 3 nA/m2 with a peak-to-peak period
∼30 s. This may be interpreted as the quasi-periodic gener-

Fig. 14. Interval C: Projections of the magnetic field at the four
s/c (black arrows) ontoXY (a), XZ (b), andYZ GSM planes at
the three successive instances. Note, that time increases from right
to left in panels (a) and (b), and from left to right in panel(c), ac-
cording to the spacecraft pass (dashed arrow) through the structure.
Panels(d) and(e) present the interpretation scheme. Red arrows in
panel (d) indicate the electric current direction.

The magnetic field fluctuationsσ(B) were about 0.4〈B〉

during the flow bursts, therefore turbulent current disruption,
impliesσ(B)∼〈B〉 (e.g.Lui, 1996; Lui et al., 2006), hardly
can be a mechanism of the flow generation.jy is positive
and increases during the flow intervalsB andC, thus, the
ballooning mechanism, implying the generation of the dusk-
dawn component of the electric current (Roux et al., 1991,
2006), can not be considered as the source of these two tail-
ward flow bursts either. During intervalA, however,jy was
oscillating between−1 to 3 nA/m2 with a peak-to-peak pe-
riod ∼30 s. This may be interpreted as the quasi-periodic
generation of the dusk-dawn current. We also found the sys-
tematic lag between the magnetic field fluctuations at C1 and
C2 (separated mainly alongY ), indicating azimuthal propa-
gating waves, predicted by the models of CD (Roux et al.,
1991; Lui, 1996). No signatures of fast reconnection (see,
e.g.Semenov et al., 2004) were found during the three flow
bursts: Plasma velocity in the de Hoffmann-Teller frame did
not exceed 25% of the Alfv̀en speed, which is much smaller
than the acceleration, predicted by fast reconnection model
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(see, e.g.Eriksson et al., 2004). Thus, the tailward flows
were generated rather due to a weak reconnection on closed
field lines (or in the course of X-line formation by the bal-
looning type perturbation).

The three flow bursts were associated with a local auro-
ral activation in the MLT sector of the Cluster foot point,
∼5◦ equatorward. The time relationship between plasmoids
and auroral pseudo-breakups was studied byIeda et al.
(2001). They found that the earliest plasmoid was observed
at X=−28RE about 2 min before the auroral brightening.
Typically, plasmoids are observed 0–2 min after the bright-
ening. This was interpreted that reconnection occurs before
the auroral activation, and a “young” plasmoid is observed
before or simultaneously with the brightening if the space-
craft is located near the reconnection site. It follows from
this model, that during intervalsA and may beC Cluster was
situated near the reconnection site, while during intervalB

reconnection occurs closer to the Earth. It should be noted,
however, that this interpretation is based on a 2-D model with
a plasmoid infinity long in cross-tail direction. Our observa-
tions show that the magnetic structures, observed during tail-
ward flows in the near-Earth tail, are localized in theYGSM
direction.Nakamura et al.(2001) studied the relative timing
between the bulk flow bursts (mainly Earthward), observed
in the near tail, and localized auroral activations. They found
that on average, the aurora precedes the flow activations by
0–3 min. If the auroral activations starts within 1 h MLT
difference and 2◦ latitude distance from the spacecraft foot
point, the time delay is reduced down to less than 30 s. Our
results for the tailward flows are similar: The auroral activa-
tion during intervalsA, with the minimum delay with respect
to the maximum|Ec| observation, was observed around the
MLT of the Cluster foot point; delays forB andC activa-
tions, observed within±0.5 h MLT, are of−2.5 and +3 min,
respectively.

Each observed flow burst corresponds to a similar mag-
netic field variations. The magnetic field turns dawnward
(duskward) in the northern (southern) half of the plasma
sheet. The spacecraft, situated above the neutral sheet de-
tected a more or less pronounced north-to-south bipolar vari-
ations of the magnetic field. All probes show the southward
magnetic field around minima of the flow velocity. The mag-
netic field magnitude increases by∼10 nT, and this increase
is due to an enhancement ofBy . A total pressure enhance-
ment, considered as the signature of a plasmoid (Ieda et al.,
1998), was observed during the intervalB only, when the ion
pressure was nearly constant. The increase of the magnetic
pressure was compensated by a decrease of the ion pressure
during intervalsA andC.

The important and novel aspect of this case study is that,
contrary to the case studies with small spacecraft tetrahe-
dron (e.g.Eastwood et al., 2005; Henderson et al., 2006),
the spacecraft configuration gives the possibility to moni-
tor the neutral sheet vicinityBx≈ 0 and the plasma sheet
atBx≈10–15 nT simultaneously, allowing to distinguish be-

tween a closed plasmoid-like magnetic field configuration
and an NFTE-like one, with a tailward-open magnetic surge.
The analysis of the four-point magnetic field measurements
have shown that the aforementioned bipolar north-to-south
magnetic field variations, commonly interpreted as signa-
tures of plasmoid or flux ropes, are not necessarily indica-
tions of a closed O-type magnetic field structure. They may
be signatures of the NFTE-like surge (intervalB) or indicate
a crossing of an Earthward-duskward directed current fila-
ment (intervalC).

In contrast to results, reported byZong et al.(2004), the
bi-directional electron fluxes were detected after the bipo-
lar variation detections. They associated, therefore, with the
NFTE-like southward magnetic field loops, indicating that
they are closed further in tail. The spacecraft enters into
the flux tubes, containing the bi-directional electron flux, af-
ter crossing the flow boundaries, manifesting as the bi-polar
magnetic field variations.

The By signs in these cases are different in the northern
and southern halves of the plasma sheet. Thus this is neither
a core field, assumed to be the same direction in both halves
in the flux rope models, nor the guide field enhanced due
to pile-up effect in localized reconnection of sheared mag-
netic field with a finite cross-tail length ofX-line (Shirataka
et al., 2006), but corresponds rather to the quadrupolar mag-
netic structure due to the Hall effect near X-line (Nagai et al.,
1998b), It was shown, that the Hall currents, existing in the
ion diffusion region, are closed by the system of the field-
aligned currents (FAC), which may exist far away from the
X-line, keeping the cross-tail magnetic field component, neg-
ative in the northern and positive in the southern halves of
the sheet (e.g.Fujimoto et al., 2001; Treumann et al., 2006).
This cross-tail field, originated by the Hall currents, may
be enhanced by the magnetic field compression within fast
flow bursts. The tailward moving filament of the Earthward-
duskward directed current crossed by Cluster during interval
C (see Fig.14) may also be a part of the FAC system, related
to the Hall currents in the reconnection region, localized in
the cross-tail direction.

The important outcome of this work is the reconstruction
of 3-D shapes of the magnetic structures, embedded into the
tailward plasma flows. Using the spacecraft separation in
the cross-tail direction, we found that the NFTE-like surges
(intervalsA andB) have ellipsoidal shapes. The spacecraft
cross their dawn-side boundaries.
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