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[1] We present multipoint observations of magnetotail plasma sheet dynamics
during an event in which magnetic reconnection and dipolarization were observed at
�16 < X < �15 RE (mid-tail) and at �10 < X < �4.8 RE (near-Earth plasma sheet),
respectively. Timing analysis of the observations shows that the near-Earth dipolarization
was a consequence of mid-tail reconnection. Large-amplitude magnetic field oscillations
were observed in the temporal and spatial vicinity of the reconnection site. Interpreted
as current sheet flapping, they enable reconstruction of a complex sheet structure with
an embedded thin current sheet of ion inertial scale size. Detailed analysis of the orientation
of the dipolarization front and of plasma motions around it reveals that the front of the
reconnection jet was interchange unstable.

Citation: Runov, A., V. Angelopoulos, and X.-Z. Zhou (2012), Multipoint observations of dipolarization front formation by
magnetotail reconnection, J. Geophys. Res., 117, A05230, doi:10.1029/2011JA017361.

1. Introduction

[2] Magnetic reconnection is widely recognized as the key
process in the conversion of magnetic energy to plasma
kinetic and thermal energies in the magnetosphere [e.g.,
Vasyliunas, 1975; Birn and Priest, 2007]. Reconnection in
the magnetotail is the most plausible cause of burst-like
transport of mass, flux, and energy in the magnetotail plasma
sheet via bursty-bulk flows (BBFs) [Angelopoulos et al.,
1992, 1994] and rapid flux transport events(RFT) [Schödel
et al., 2001a, 2001b] leading to high-energy particle injec-
tions into inner magnetosphere [e.g., Birn et al., 1997a,
1997b]. Although according to statistics, the reconnection
region is located at �30 < X < �20 RE [Nagai et al., 1998;
Eastwood et al., 2010], its actual location depends on mag-
netic activity [e.g., Nagai et al., 2005]. Signatures of
reconnection have been observed as close to the Earth as X ≈
�14 RE [Sergeev et al., 2008]. Despite several decades of
observations and intense theoretical studies, the mechanism
of magnetotail reconnection onset and details of particle
energization during reconnection are largely unknown and
debatable [e.g., Sitnov and Swisdak, 2011].
[3] The classical observable signatures of magnetotail

reconnection are corresponding magnetic field and bulk
velocity reversals detected by spacecraft monitoring the
plasma sheet (see, e.g., Birn and Priest [2007] and Eastwood

et al. [2010] for reviews). To observe these signatures,
spacecraft should be in the central plasma sheet. Although
those located away from the neutral sheet vicinity might
easily miss classical flow field reversal, they could observe
remote (non-classical) signatures of reconnection, such as
plasma inflow and characteristic features in particle distri-
bution functions. These non-classical observable signatures
were described and successfully utilized in recent multiprobe
studies [Zhou et al., 2009; Angelopoulos et al., 2009].
[4] Although physical mechanisms of magnetotail recon-

nection onset are debatable, formation of a thin current
sheet (TCS) with a half-thickness of an ion inertial length
(di = c/wpi, where wpi is the ion plasma frequency) has been
established as a necessary condition for reconnection onset
(see Schindler [2007] and Baumjohann et al. [2007] for
reviews). Thin current sheets were indeed observed in situ
prior to or at flow reversals in the magnetotail at a radial dis-
tance of 19 RE [Nakamura et al., 2006; Runov et al., 2008a].
The TCSs are embedded in a thicker plasma sheet, and their
structure is quite different from the Harris solution, which is
commonly used for modeling of current sheet dynamics [see,
e.g., Petrukovich et al., 2011, and references therein]. The
radial lengths and cross-tail widths of TCSs are as yet
unknown. It is also important to resolve TCS structure,
including profiles of magnetic field gradient and plasma den-
sity, to understand the type of plasma instability responsible
for reconnection onset.
[5] Dipolarization fronts, rapid (1–10 s) large-amplitude

(few tens of nT) increases in the north-south magnetic
field component (Bz) [Runov et al., 2009], are often observed at
the leading edge of BBFs in the plasma sheet at X from�30 to
�7 RE [Ohtani et al., 2004]. Their thickness is typically com-
parable with the thermal ion gyroradius [Runov et al., 2011].
Earlier two-point observations [Russell and McPherron, 1973;
Moore et al., 1981; Ohtani, 1998], and recent observations by
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Cluster [R. Nakamura et al., 2002] and THEMIS [Runov et al.,
2009; Sergeev et al., 2009] have provided strong evidence of
Earthward propagation of the dipolarization fronts. Compre-
hensive analysis of THEMIS observations has also shown that
dipolarization fronts are boundaries between the ambient
plasma sheet and intruded energetic plasma populations [Runov
et al., 2011].
[6] Since dipolarization fronts are often observed along with

fast plasma flows, it seems natural to consider them as remote
consequences of magnetic reconnection in the magnetotail.
And, indeed, dipolarization front formation has been demon-
strated in various types of simulations of reconnection.
Although, typically, a front thickness is comparable to an ion
gyroradius requiring a kinetic description, MHD simulations
also reproduce some larger-scale front features [Wiltberger
et al., 2000; Ge et al., 2011; Birn et al., 2011]. Formation of
dipolarization fronts has been also reported in hybrid simula-
tions [Hesse et al., 1998; Krauss-Varban and Karimabadi,
2003]. Hybrid models have reproduced key front plasma sig-
natures: flow increase ahead of the front [Hesse et al., 1998;
Zhou et al., 2011] and higher-speed flow away from the neu-
tral sheet [Krauss-Varban and Karimabadi, 2003]. Particle-in-
cell (PIC) simulations have demonstrated formation of a
dipolarization front within �10 c/wpi of the initial X-line
[Sitnov et al., 2009; Pritchett, 2010]. The transient character of
electric field (in the spacecraft frame) enhancement at dipo-
larization fronts with a typical of 40 s - 1 min [Runov et al.,
2011], suggests impulsive reconnection in the magnetotail
plasma sheet [Semenov et al., 1992] as its source.
[7] Three-dimensional hybrid simulations have shown that

a reconnection jet of finite cross-tail width is interchange
unstable [M. S. Nakamura et al., 2002]. This instability leads
to azimuthal structuring of the jet’s leading edge and the
dipolarization front, which is the interphase between recon-
nected and ambient plasmas. Interchange or ballooning-type
instabilities may develop in the magnetotail plasma sheet with
a local minimum in Bz [see Pritchett and Coroniti, 2010, and
references therein]. Such a configuration, resulting from local
current sheet thinning, has been observed [Sergeev et al.,
1994; Saito et al., 2010]. Some evidence of ballooning insta-
bility prior to reconnection has recently been found in global
MHD simulations [Raeder et al., 2010]. MHD and PIC
simulations have also demonstrated dipolarization front for-
mation due to steepening of the interchange-unstable initial
tailward Bz gradient [Pritchett and Coroniti, 2010; Guzdar
et al., 2010; Pritchett and Coroniti, 2011]. The current sheet
with a local Bz minimum may also be kink- [Pritchett et al.,
1996; Erkaev et al., 2008, 2009] and tearing-[Sitnov and
Schindler, 2010] unstable. Moreover, 3-D PIC simulations of
the interchange instability in a region of tailward equatorial
magnetic field gradient have shown that reconnection devel-
ops in the tailward wake of an “interchange finger head”
[Pritchett and Coroniti, 2011]. In the simulations, reconnec-
tion occurs about 20–30 characteristic proton gyroperiods later
than dipolarization front formation due to interchange insta-
bility. Two-dimensional PIC simulations with open boundary
conditions also have showed secondary X-line formation
behind the dipolarization front [Sitnov and Swisdak, 2011].
[8] Thus, the relationship between magnetotail reconnec-

tion and dipolarization front formation could be very com-
plex, including a variety of processes associated with TCS
formation and dynamics in the plasma sheet. To observe

these dynamics in situ, a fleet of spacecraft that can make
simultaneous observations in the mid-tail (�40 < X <�10 RE)
and near-Earth (earthward of X ≈ �10 RE) plasma sheet
regions is needed. The space segment of the THEMIS mis-
sion [Angelopoulos, 2008; Sibeck and Angelopoulos, 2008]
was able to monitor these plasma sheet regions during
magnetotail conjunction events. THEMIS spacecraft cross-
tail separations during the conjunction intervals, however,
were not sufficiently numerous to study the effects of inter-
change instability. To compensate for the lack of azimuthal
sampling, intervals of THEMIS conjunctions supplemented
by geosynchronous satellites are especially useful.
[9] In this study we analyze magnetotail observations by

THEMIS and two GOES spacecraft during an event at which
reconnection and dipolarization front signatures were detected
in the mid-tail and near-Earth plasma sheet, respectively, with
the main goal of understanding the physical relationship
between processes observed in those regions. In section 2 we
examine observations in the two plasma sheet regions and the
time delays between them. Possible scenarios of plasma sheet
dynamics supported by these observations are discussed in
section 3. Even though a single event is comprehensively
presented here, we briefly overview similar events in section 4.

2. Data Analysis

2.1. Event Description

[10] The entire day of 1 March 2008 was geomagnetically
active; the Kp index varied between 3 and 5+. A set of sub-
storms and activations observed by THEMIS ground-based
observatories and spacecraft was studied and modeled [Runov
et al., 2008b; El-Alaoui et al., 2009; Ashour-Abdalla et al.,
2009]. In this paper, we will discuss THEMIS plasma sheet
observations between 0200 and 0230 UT. The solar wind and
IMF parameters as well as ground-basedmagnetic data for this
interval are summarized in El-Alaoui et al. [2009]. According
to standard T96-based mapping [Tsyganenko, 1995], the inner
THEMIS probes foot points were in the field of view of the
KUUJ and SNKQ stations. Corresponding all-sky images are
available on-line at http://themis.ssl.berkeley.edu/.
[11] Each THEMIS spacecraft (probe) carries identical

instrumentation [Angelopoulos, 2008]. The Fluxgate Mag-
netometer (FGM) [Auster et al., 2008] provides DCmagnetic
field measurements with a temporal resolution of 128 vectors
per second during the burst mode. The Search Coil Magne-
tometer (SCM) measures low-frequency magnetic field
fluctuations and waves in three directions within the 0.1 Hz
to 4 kHz frequency band [Roux et al., 2008]. The Electric
Field Instrument (EFI) [Bonnell et al., 2008] measures elec-
tric field with a 0.125 Hz sample rate. The electric (EFI) and
magnetic (SCM) field spectral products (Filter Bank Data,
FBK) are computed on-board by the Digital Fields Board
(DFB) [Cully et al., 2008]. The Electrostatic Analyzer (ESA)
[McFadden et al., 2008] provides ion and electron distribu-
tion functions in the 5 eV to 25 keV energy range with a time
resolution of 1 3-D distribution function per spin in the burst
mode. The Solid State Telescope (SST) [Angelopoulos,
2008] detects high-energy (30 keV - 1 MeV) ion and elec-
tron fluxes with a time-resolution of 1 3-D distribution
function per spin in the burst mode.
[12] Figure 1 shows THEMIS probe locations, magnetic

field, and bulk velocity observed by probes P1-P4. The
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Figure 1. THEMIS, GOES-10, and GOES-12 positions in XY and XZ GSM planes; magnetic field and
bulk velocity time series at P1, P2, P3, and P4; Bz (GSM) at GOES-10 and GOES-12 between 0200
and 0230 UT on March 1, 2008.
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THEMIS fleet was in major conjunction i.e., tail-elongated,
with the most distant probe (P1) located at [�22.4, 6.2,
�1.6] RE (GSM), P2 at [�17.3, 6.5, �1.9] RE, and a pair of
near-Earth probes (P3 and P4) at [�9.6, 5.5, �0.8] and
[�8.4, 5.9, �0.6] RE, respectively. Two geostationary
satellites GOES-10 and GOES-12 were in good conjunction
with the THEMIS fleet situated at [�5.8, 3.2, �0.1] and
[�4.8, 4.6, �0.1] RE, respectively. This configuration pro-
vides an excellent opportunity to study disturbance propa-
gation in the magnetotail.
[13] At around 021 4:30 UT P1, situated in the southern

half of the plasma sheet at BX ≈ �10 nT, detected tailward
flow onset accompanied by a bipolar northward then
southward variation in Bz. These observations may be
interpreted as signatures of reconnection earthward of P1.
The tailward flow velocity, calculated using input from both
particle detectors (ESA and SST), reached approximately
�300 km/s.
[14] Between 0209 and 0213 UT, P2 observed large-

amplitude, quasiperiodic magnetic field oscillations with Bx

varying from 0 to �20 nT. Later on, P2 detected an increase
in ∣Bx∣, which indicates plasma sheet thinning. Between
0214 and 0218 UT, P2 remained at BX ≈ �25 nT detecting
plasma flow toward the neutral sheet (VZ ≈ 100 km/s).
During a fast excursion into the vicinity of the neutral sheet
between 0218 and 0219 UT, P2 detected tailward flow at
VX ≈ �200 km/s with peaks in By and Bz ≈ 10 and �5 nT,
respectively. The flow rotated duskward later on. Most
likely, missed the classical signatures of reconnection (i.e.,
fast flow and corresponding signatures in Bz). The northward
(Vz > 0) plasma flow detected by P2 at BX ≈ �20 nT may be
interpreted as inflow to the reconnection region. Since Bx did
not change, the northward flow cannot be attributed to cur-
rent sheet thinning.
[15] At about 0202 UT, P3 and P4, situated in the near-

Earth plasma sheet, began to detect an increase in Bx (more
pronounced at P3) with a simultaneous decrease in Bz (more

visible in the P4 time series). Both probes also detected an
increase in plasma velocity, mainly in the Vy-component.
This velocity increase was due to duskward-drifting ener-
getic ions. These observations indicate thinning and stretch-
ing of the current sheet [Petrukovich et al., 2007; Zhang
et al., 2011]. Between 0215 and 0216 UT, P4 detected an
abrupt increase in Bz up to 40 nT (at 0215:06 UT), preceded
by a short dip to �0, and an approximately 1-min-long
enhancement in the plasma bulk flow with peaks in Vx and in
Vy ≈ 350 and �350 km/s, respectively. The observed Bz

signatures are typical of dipolarization fronts [e.g., Runov
et al., 2011]. P3 detected a much smaller-amplitude (peak
of 14 nT) jump in Bz 6 s later (at 0215:12 UT) than P4. The
front passed the both probes within ≈30 s and was followed
by a gradual, smaller-amplitude dipolarization.
[16] A distinct dipolarization front with DBz ≈20 – 25 nT

was also detected by the two geostationary satellites, GOES-
10 and GOES 12, at 0215:50 and at 0216:15, respectively.
Immediately before front detection, GOES-10 and GOES-12
observed Bx = 51 and 29 nT, respectively (not shown; GOES
magnetometer data are available at the THEMIS web site
http://themis.ssl.berkeley.edu/). Thus, the spacecraft situated
1.4 RE closer to midnight and at larger Bx detected the front
earlier than that located duskward and closer to the magnetic
equator.
[17] Auroral intensification onset was detected by SNKQ

at 0215:09 UT. A new bright spot appeared on the east side
of SNKQ’s field of view at 0215:27 UT (see mosaic images
at themis.ssl.berkeley.edu).
[18] Figure 2 shows cumulative magnetic flux transport

F =
R
Eydt [Liu et al., 2011] at P1, P2, and P4 from 0208 to

0222 UT. The earliest indication of rapid flux transport was
detected by P2 at about 0213:40 UT (long-dashed vertical
line). Comparison with the bulk velocity shown in Figure 1
indicates that the flux transfer at P2 was due to enhanced
northward velocity (Vz) observed simultaneously with BX ≈
�20 nT. The northward velocity may be interpreted as
inflow to the reconnection region, which was localized in
the vicinity of the neutral sheet and missed by P2 because
of its exit from the central plasma sheet. P4, situated
8.9 RE earthward of P2, detected a jump in flux transport at
0215:06 UT (short-dashed line) when the dipolarization
front hit the probe. P1, located 5.1 RE tailward of P2,
detected flux transfer onset at about 0215:10 UT (dotted
line). A minimum in F at P4 between 0209 and 0212 UT
(bounded by arrows) is associated with a short period of
VX < 0 while BZ > 0 (see Figure 1). The flux transport
behavior at P1 and P2 is similar to the integrated electric
field time variations observed in the reconnection region in
MHD simulations [Birn et al., 2011].

2.2. P2 Observations Prior to Flux Transfer Onset

[19] Between 0208 and 0213 UT, immediately before flux
transfer onset, P2 observed quasiperiodic oscillations in Bx

with an amplitude of 15 nT and an average period of 60 s.
Examination of P2 observations during the Bx oscillations
shown in Figure 3 may provide important information on
plasma and current sheet structure near reconnection onset.
For convenience, each oscillation period is marked by a
letter (A to F) with a sign (�) corresponding to the sign of
∂Bx/∂t: plus and minus for increasing and decreasing Bx,
respectively. Comparison of Figures 3a and 3b shows that

Figure 2. Cumulative flux transferF =� R
0
t Eydt at P1 (red),

P2 (green), and P4 (blue) between 0208 and 0232 UT. Dotted,
short-dashed, and long-dashed lines indicate onset of flux
transfer at P2, P4, and P1, respectively. Arrows indicate inter-
val of current sheet flapping at P2.
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negative ∂Bx/∂t intervals (blue bars) correspond to positive
Ey, observed by EFI, whereas positive ∂Bx/∂t intervals
(yellow bars) correspond to negative Ey. The EFI measure-
ments are in reasonable agreement with �Vi � B during
intervals B+, C�, D�, E� and F�. However, during inter-
vals of rapid Bx changes (A�, A+, C+, D+, and E+), EFI Ey

disagrees with �[Vi � B]y. A reason for this disagreement
is, most likely, instrumental: when the significant part of the
ion population is within the SST energy range (E > 30 keV),
the thermal plasma velocity (1000 km/s) is so large that
thermal noise prohibits accurate measurement of the vertical
plasma velocity. However, Ey and [Vi � B]y disagreement
may also be due to decoupling of ion and electron motion.
The spectrogram in Figure 3d shows dropouts in the high-

energy ion flux and decreases in the low-energy flux during
intervals with positive ∂Bx/∂t (yellow bars). Conversely, the
high-energy electron flux increased during “plus” and
decreased during “minus” intervals (f). The average electron
energy increased gradually during the entire interval. The
difference between northward and southward ion and elec-
tron fluxes at energies below �20 keV became (on average)
positive and negative during “minus” and “plus” half-cycles,
respectively (Figures 3e and 3g).
[20] Minimum variance analysis (MVA) [Sonnerup and

Scheible, 1998] of the magnetic field during the entire
Bx-oscillation interval (0208–0213 UT) yielded eigen-
numbers l = [34.7, 0.81, 0.27]. The MVA eigennumbers
represent actual field component variation (in nT2) in the

Figure 3. Summary plot of THEMIS C (P2) observations during current sheet flapping between 0208
and 0213 UT: (a) magnetic field GSM components; (b) -Ey (DSL) from EFI and � [Vi � B]y; (c) ion
and (e) electron energy-time spectrogram, differential flux (DEF, eV/s/cm2/eV) is color coded; difference
between (d) ion and (f) electron energy flux in � 45� > q > � 90� and 90� > q > 45� bins.
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corresponding directions. If the medium-to-minimal eigen-
value ratio r23 = l2/l3 is sufficiently large (factor of 5–10),
the minimum variance direction, which corresponds to the
smallest eigennumber (l3), may be interpreted as normal to
the tilted current sheet [Sonnerup and Scheible, 1998;
Sergeev et al., 2006]. The obtained minimum variance
direction N = [�0.14, �0.44, 0.88] indicates a significant
current sheet tilt in the (YZ )GSM plane. MVA results for
each of half-cycle from A� to F� are summarized in
Table 1. Analysis revealed MVA minimum variance direc-
tion rotation in the (YZ )GSM plane: Ny is small (positive or
negative) for “minus” intervals and large negative for “plus”
intervals. Since r23 >10 for most intervals, the
corresponding eigenvector N may be interpreted as the
current sheet normal direction. Figure 4 shows projections
of the MVA-based current sheet normals during “plus” (red
circles) and ”minus” (blue circles) crossings. An asterisk
corresponds to the normal resulting from MVA application
for the entire flapping interval, which provides a “zero” tilt
direction (dashed line). All projections are close to a unit
circle, indicating normal rotation in the YZ plane. Such
rotation is the most distinctive feature of current sheet
flapping [Sergeev et al., 2004, 2006; Runov et al., 2005a].
[21] Current sheet flapping, during which a probe tracks a

large portion of the current sheet, makes it possible to study

current sheet structure [Sergeev et al., 1998; Runov et al.,
2005b, 2006]. In our case, P2 scanned the southern half of
the current sheet from BX � 0 to, on average, BX ≈ �15 nT.
The spectrograms in Figure 3 indicate that magnetic field
variations were associated with vertical motion of low-
energy ions and electrons. Therefore, integration of vertical
(Vz) convection velocity allows us to estimate scale and
magnetic field gradient in the flapping current sheet [Sergeev
et al., 1998, 2003]. As mentioned above, ion Vz is not reli-
able. Because the plasma sheet was hot (see spectrograms in
Figure 3), the second moment of the electron distribution
functions cannot be used for Vz calculation either (the elec-
tron thermal velocity was 15 � 103–20 � 103 km/s, which
makes recovery of the electron bulk velocity from a distri-
bution function shift impossible). Assuming that the
observed variations in Ey (Figure 3b) are due to magnetic
flux transport during current sheet motion in the north-south
direction with respect to the stationary spacecraft, the
corresponding velocity has been estimated from electric and
magnetic field measurements as VDz = EyBx/B

2. Figure 5
shows the calculated vertical velocity and its integral over
entire flapping time interval. The resulting path S may be
interpreted as the flapping current sheet profile in the YZ
plane: above the S curve BX > 0 (earthward) and below the
curve Bx < 0 (tailward). The red dashed line shows an esti-
mate of the P2 path through the flapping current sheet; ver-
tical dashed lines indicate times of P2 current sheet
proximity. Although crude, the resulting profile provides
flapping amplitude estimates of 1000 km (approximately the
thermal gyroradius). Also notable is that the current sheet
surface wave is far from quasi-sinusoidal. The profile exhi-
bits a set of folds with much larger steepness during “plus”
intervals, when the current sheet was almost vertical (with
large negative Ny, see Table 1).
[22] Separate integration of VDz during each current sheet

crossing provides a way to reconstruct vertical profiles of the
magnetic field gradient, which is a proxy for current sheet
density in the flapping current sheet [Sergeev et al., 1998,
2003]. The method works better for rapid, “smooth” cross-
ings with minimum temporal variation [Runov et al., 2006].
Figure 6 shows Bx(Z

∗), jy(Bx), and jy(Z
∗) profiles obtained

Table 1. Magnetic Field Minimum Variance Analysis Results for
P2 Flapping Current Sheet Crossingsa

ID UT (hhmm:ss) MVA l, nT2 MVA N

A� 0208:35–0208:50 12.7, 0.32, 0.02 0.07, �0.03, 0.99
A+ 0208:50–0208:59 14.1, 0.15, 0.08 0.15, �0.80, 0.57
B� 0209:30–0209:45 6.52, 0.062, 0.009 0.29, �0.17, 0.94
B+ 0209:45–0209:57 4.08, 0.023, 0.004 0.15, �0.99, 0.02
C� 0209:58–0210:19 18.6, 0.094, 0.006 �0.12, 0.05, 0.99
C+ 0210:19–0210:31 23.5, 0.64, 0.02, 0.22, �0.91, 0.35
D� 0210:31–0211:08 26.9, 0.46, 0.06 �0.08, 0.04, 0.99
D+ 0211:08–0211:19 24.7, 0.93, 0.02 0.25, �0.94, 0.21
E� 0211:20–0211:47 24.3, 0.14, 0.02 �0.09, �0.24, 0.96
E+ 0211:47–0211:59 14.9, 0.25, 0.001 0.25, �0.86, 0.44
F� 0212:00–0212:14 4.86, 0.068, 0.004 0.11, 0.28, 0.95

aThe MVA normal vector N components are shown in the GSM
coordinate system.

Figure 4. Projections of flapping current sheet MVA normal vectors onto the {Ny, Nz} plane. A dashed
line shows the projection of the normal, calculated for the entire flapping interval.
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during crossings A+, C+, and E+. Z∗ =
R
ts
tf VDzdt + Z0, where

ts and tf are start and finish times for each crossing,
respectively, is an effective vertical coordinate that is set to
zero at minimum Bx. The profiles for the other crossings are
appeared to be too noisy to recover any clear structure. The
resulting scales should be treated with a caution: because the
angle between the vertical velocity (VDz), which was used
for the reconstruction, and current sheet normals during
crossings A+, C+, and E+ was y ≈ 54, 69, and 63�,
respectively, the reconstructed scales may be significantly
overestimated. The reconstruction gives upper estimates for
the scales The lower estimates may be obtained as Z∗cosy.
Corresponding profiles of the electron density estimated
from the measured spacecraft potential [e.g., Mozer, 1973]
are shown in Figure 7. The jy profiles exhibit similar char-
acteristic features: 1) an increase in jy profiles between BX =
�10 and �5 nT (Z* = �400 and �200 km), indicating the
presence of a thin current sheet (TCS) with scale (half-
thickness) of �100–200 km, embedded into thicker struc-
ture and 2) a local maximum at the current sheet periphery
(at BX ≈ �10 nT and Z* ≈ �600 km for A+, BX ≈ �16 nT
and Z* ≈�1000 km for C+, BX ≈�16 nT and Z* ≈�800 km
for E+). The reconstruction also suggests a fine “triple
peak” structure of the embedded TCS. The number of
samples, however, does not allow us to make a definitive
statement on how real this structure is. Because of magnetic
and electric field temporal variations, reconstructions of the
current sheet structure during the other crossings did not
reveal well-defined, repeating structures.

2.3. P3 and P4 and GOES 10 and 12 Observations
of the Dipolarization Front

[23] Assuming that all four spacecraft observed the same
structure, the time delay between THEMIS P3/P4 and

GOES-10/12 dipolarization front detections indicates earth-
ward propagation of the front. On the other hand, the time
delay between P3 and P4 (�6 s) may indicate front non-
planarity or dawnward propagation. Figures 8a and 8b show
projections of the MVA-based normals at P3, P4, GOES-10,
and GOES-12 onto the XY and XZ GSM planes, respec-
tively. The corresponding MVA eigenvalues and minimum
variance vectors are summarized in Table 2.
[24] Figure 8c shows projections of plasma bulk velocity

vectors onto the XY GSM plane. P3 first detected a short
dawnward velocity rotation immediately ahead of the front,
then dominantly duskward and tailward flow behind it. The
drift velocity calculated from electric and magnetic fields
exhibits similar behavior (not shown). P4, located 1.2 RE

earthward and 0.4 RE duskward of P3, did not observe the
duskward flow detected by P3. This may indicate vortex-like
plasma motion behind the front.
[25] Detailed fields, electromagnetic waves, and particle

observations at P3 and P4 within 2 min of front detection are
shown in Figures 9 and 10, respectively. Within ≈3 s, both
probes detected a sharp Bz increase (14 nT at P3 and 40 nT
at P4) lasting 10–15 s. At P4, the Bz jump was preceded
by a negative Bz dip of 2 nT amplitude. Bz returned to
approximately undisturbed value (<5 nT) at P3, but stayed
at 10–20 nT at P4. P4 detected strong X and Y electric field
components lasting for about 20 s behind the front, whereas
P3 detected a short electric field spike. Both probes observed
strong broadband wave activity associated with electric field
enhancement (Figures 9c and 9d and Figures 10c and 10d).
At P4, the waves were mainly electrostatic and lasted at least
one minute behind the front. P3 observed magnetic waves
ahead of and at the front and a short enhancement in electric
field waves immediately behind it. Ion f-energy spectro-
grams (where f is probe spin-phase angle with respect to the

Figure 5. (a) Bx variations, (b) convection velocity VDz = EyBx/B, and (c) integrated vertical velocity
S =

R
t0
t1 VDzdt, where t0 and t1 are 0208:00 and 0213:00 UT, respectively. The dashed line shows approx-

imated P2 trajectory.
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Figure 6. Crossings A+, C+ and E+: Profiles of (left) Bx and (right) jy ≈ m0
�1DBx/DZ∗ versus Z*;

(middle) jy profile vs Bx. Thick lines are 3-point running averages of data (*).
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sunward direction spectrograms, Figures 9e and 10e) at P4
demonstrate typical signatures observed at an earthward-
moving dipolarization front: dropout in 1–10 keV ion energy
flux at the front and appearance of a new, earthward-
streaming (f ≈ 0�) ion population at energies >10 keV,
coexisting with ambient, duskward-drifting ions [Zhou et al.,
2010]. Ions are earthward-streaming behind the front at P4.

P3 also detected 1–10 keV ion flux dropout at the front. The
other signatures, however, differ from those at P4: the new
population ahead of the front is more dawnward-moving
(�90�), and the ions behind it are mainly duskward-drifting
(90�). SST omni-directional energy-time spectrograms
(Figures 9f and 10f) show an increase in electron fluxes at
energies from �30 to �400 keV preceded by a short

Figure 7. Profiles of electron density (nvaf) estimated from the spacecraft potential observed during A+
(black), C+ (red) and E+ (blue) crossings. Solid lines are 3-point running averages of data.

Figure 8. Projections of MVA-based dipolarization front normals (black arrows) at THEMIS P3, P4 and
GOES 10 and 12 locations onto (a) (XY)GSM and (b) (XZ)GSM planes. A fragment of MHD simulation out-
put from Guzdar et al. [2010], showing dBz is used to illustrate a possible shape of the dipolarization front
in Figure 8a. Note that simulated dBz is out of scale (see text for details). (c) Time series of (XY)GSM pro-
jections of bulk velocity vector observed by P3 and P4 between 0214 and 0218 UT. Vertical dashed bars
indicate dipolarization front (DF) arrival times.
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decrease in 30–60 keV electron fluxes within �20 s behind
the front at both probes. Pitch angle distributions (PAD) of
0.2 – 30 keV electrons (Figures 9g and 10g) are quite dif-
ferent at P3 and P4, however. Those at P4 show two distinct

electron populations: a relatively low-energy (�0.5 keV)
isotropic ambient plasma sheet population ahead of the front
and an energetic, largely anisotropic population behind it.
PAD at energies >10 keV exhibit a pronounced triple-peak
structure with maxima at 0, 180�, and 90�. At P3, the
electron energy increases with front proximity and rapidly
behind the front. PAD at energies >20 keV show enhance-
ment in 90� electron flux. Those at energies between 1 and
20 keV exhibit a peculiar “bifurcating” structure with a
peak at 90� immediately behind the front and a “two-hump”
distribution with maxima around �45�. Both probes detec-
ted a drop in plasma density behind the front. P4, however,
observed a density increase ahead of the front, which is

Table 2. THEMIS P3 and P4, GOES-10, and GOES-12 Magnetic
Field Minimum Variance Analysis Results

SC UT (hhmm:ss) MVA l MVA N

P3 0215:12–0215:15 27.8, 0.46, 0.08 0.79, �0.23, 0.56
P4 0215:07–0215:11.3 30.9, 1.6, 0.82 0.86, 0.04, �0.51
G10 0215:48–0215:56 69.9, 19.8, 1.08 0.62, �0.36, 0.69
G12 0216:14.5–0216:21 113.6, 5.72, 1.43, 0.38, 0.92, 0.12

Figure 9. THEMIS D (P3) observations within 2 min of dipolarization front detection time (vertical
dashed line). (a) GSM Bz; (b) Ex and Ey from EFI and corresponding V � B; (c) electric and (d) magnetic
wave power spectrograms from EFI and SCM filter bank, respectively; (e) ESA and SST ion F-energy
spectrograms; (f) SST electron omni-directional spectrogram; (g) ESA electron PADs; (h) plasma density.
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typical for earthward-moving dipolarization fronts [Zhou
et al., 2010; Runov et al., 2011].

3. Discussion

[26] The above observations present evidence of plasma
sheet reconnection earthward of X ≈ �22 RE, where tailward
plasma flow carrying southward magnetic field was observed
by the THEMIS P1, and signatures of an earthward-moving
dipolarization front associated with vortical plasma motion
were observed by two THEMIS probes (P3, P4) and twoGOES
satellites (GOES-10, GOES-12) at�9.6 < X <�4.8 RE. Onsets
of magnetic flux transfer were detected by P4 and P1 at X =
�8.4 and at X =�22.4 RE, respectively, with a time difference
of 5 s, i.e., almost simultaneously. The probes were in con-
junction with a separation in Y of 0.3 RE. P1 detected tailward
flow at VX ≈ �300 km/s, and P4 observed earthward flow at

VX ≈ 300 km/s. It seems reasonable to assume that the tailward
and earthward flows associated with southward and northward
magnetic field, respectively, resulted from reconnection at
approximately half the distance between P1 and P4, i.e., at
�16 < X < �15 RE, close to P2. Using the detected velocity
of�300 km/s, the reconnection onset time may be estimated to
be between 0212 and 0213 UT. Indeed, P2 at X = �17.3 RE

began to detect flux transport due to northward flow at VZ ≈
50 – 100 km/s in the southern outer plasma sheet at
0213:40 UT. The timing is consistent with the an outflow
velocity of 200–300 km/s. It is worth noting that Bz at P2
changed from small positive to negative at approximately
0214:30 UT. These Bz changes may be interpreted as signatures
of the tailward-retreating X-line passing by the probe location.
[27] If, as assumed, reconnection occurred between 0212

and 0213 UT within 1–2 RE of P2’s location, flapping due to
kinking or folding of the current sheet surface, observed by

Figure 10. THEMIS E (P4) observations within 2 min of dipolarization front detection time (vertical
dashed line) in the same format as Figure 9.
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P2 between 0208 and 0212 UT, may result from current
sheet thinning prior to reconnection. MHD models of flap-
ping show instability of a current sheet with a local Bz

minimum (∂Bz/∂x < 0) [Erkaev et al., 2008, 2009]. In the
unstable region, the flapping perturbations increase but do
not propagate. In adjacent regions, however, the current
sheet may be stable, and flapping waves may propagate in
the cross-tail direction. In our case, the rotation of current
sheet normal in the YZ plane (Figure 4) indicates azimuthal
propagation of the waves on the current sheet surface. Since
only the southern half of the current sheet was crossed
repeatedly, we cannot distinguish between current sheet
kinking and a set of expansions - contractions (“sausage
mode”). The flapping theory allows both solutions [Erkaev
et al., 2009]. In the MHD framework, current sheet flap-
ping may also be induced by BBF propagation within an
azimuthally localized flow channel [Erkaev et al., 2009]. In
this case, the probe observing flapping (P2) may have been
located beside the flow channel and missed the flow. This
hypothesis would imply that reconnection took place before
0208 UT, when P2 started observing flapping, and, therefore
about 7 min prior to flux transfer onset at P1. This time delay
is inconsistent with the tailward velocity observed by P1.
Therefore, the scenario implying current sheet instability due
to local thinning seems more plausible.
[28] The MHD approach is, however, inadequate to

describe thin current sheet dynamics. The current sheet
profile reconstruction revealed current sheet thickness com-
parable to the ion gyroradius and of inertial scale. Kink
instability of TCS has been demonstrated in kinetic (PIC and
hybrid) simulations [Pritchett et al., 1996; Karimabadi
et al., 2003]. PIC simulations of non-Harris current sheet
evolution reproduced the sheet surface corrugation with
electric current rotation in the YZ-plane [Sitnov et al., 2004,
2006]. They also demonstrated temporal changes in TCS
thickness during flapping due to a combination of kink and
sausage modes. Although the exact mechanism of flapping
excitation is not known, its observation for ≈4 min imme-
diately prior to the first reconnection signatures suggests
formation of marginally stable TCS. Because only P2
detected current sheet flapping, the TCS was likely localized
along X, and its length did not exceed 10 RE.
[29] In addition to being interesting in itself, flapping also

makes it possible to scan a portion of plasma sheet and
reconstruct vertical profiles of plasma parameters, magnetic
field, and its gradient [Sergeev et al., 1998; Runov et al.,
2006]. In the context of aforementioned scenario, implying
reconnection at X ≈ 15 – 16 RE between 0212 and 0213 UT,
P2 observations during flapping current sheet crossings
provide a unique opportunity to look inside the pre-recon-
necting current sheet. Obtained profiles of the vertical
magnetic field gradient (a proxy for the cross-tail current
density) and electron density (Figures 6 and 7) indicate that
a thin current sheet (TCS) was embedded in the thicker
current/plasma sheet [Petrukovich et al., 2011]. The TCS
scale (half-thickness), �100 – 400 km, is comparable to
or less than the ion inertial length di = c/wpi ≈400 km (n =
0.2 cm�3). Profiles reconstructed for three different current
sheet crossings exhibit similar structure, indicating the
presence of TCS within at least 3 min (0208:50–
0211:59 UT). Assuming symmetry with respect to z = 0, the
profiles suggest fine structural details of the embedded TCS,

such as three jy peaks. A similar structure with a scale of di
was observed by Cluster near the reconnection region
[Nakamura et al., 2006]. Thin current sheets with a sharp
peak at the center and secondary peaks at the edges due to
electron anisotropy were predicted in analytical models
[Zelenyi et al., 2004; Sitnov et al., 2006]. The triple-peak
current sheet profile has been also obtained in TCS expan-
sion modeling [Schindler and Hesse, 2010].
[30] Another interesting feature observed in reconstructed

current density profiles is a local maximum in jy at the
periphery of the current sheet. The electron energy-
time spectrogram (Figure 3f) indicates that the high-energy
electron flux appeared at BX ≤ �8 (A+) and BX ≤ �15 nT
(C+, E+). Corresponding electron density profiles (Figure 7)
also show some increases at these Bx levels. These observa-
tions suggest that local jy enhancement at the periphery of the
current sheet is associated with energetic electron flux
enhancement.
[31] Current sheet structure is recognized to be a control-

ling factor in sheet stability [e.g., Schindler and Birn, 1999,
2002; Schindler, 2007; Zelenyi et al., 2008]. Thus further
theoretical investigation of the formation mechanisms and
stability of the observed current sheet structure would be
interesting.
[32] Notable features observed in the near-Earth plasma

sheet during the interval of interest are positive Bz spikes
detected by THEMIS P3 and P4 as well as GOES 10 and
12 and differences in field and particle data observed by P3
and P4. Interpreting the Bz spikes observed by all four
spacecraft as signatures of the same dipolarization front, the
time delay between the Bz spike detection at THEMIS and
GOES probes suggests earthward propagation of the front at
400 km/s, which is consistent with the bulk velocity detected
by P4. Magnetic field MVA results (Figure 8a) suggest that
the front turns toward midnight meridian during its earth-
ward propagation. The minimum variance direction is typi-
cally interpreted as front-normal to the propagating magnetic
structure. Assuming that the front has a simple, curved shape
and propagates earthward, one can interpret dawnward-
directed normal as an indication that the probe is at the
dawn-side edge of the front. Accordingly, duskward-
directed normal indicates that a probe encounters the front’s
dusk-side edge [Sergeev et al., 1996; Nakamura et al.,
2001]. In our example, the duskward THEMIS probe (P4)
detected the front with almost purely earthward-directed
normal while P3 observed earthward and dawnward normal.
Assuming the simple bubble model [Sergeev et al., 1996],
this orientation difference may indicate that P4 was close to
the center of the front/bubble and P3 was closer to its
dawnward edge. About one minute later, the duskward
GOES satellite (G12), detected the front with duskward-
directed normal, and the other GOES satellite (G10)
observed it with earthward-dawnward normal. Since G12
was located 1.3 RE dawnward of P4, the normal directions
indicate dawnward (toward midnight) deflection of the front/
bubble. Similar behavior of a bubble (a flux tube with lower
pV g ) and fast flow turning from purely earthward to quasi-
radial direction in the premidnight magnetotail was recently
shown in MHD simulations with dynamically coupled
Lyon-Fedder-Mobarry (LFM) and Rice Convection Model
(RCM) [Pembroke et al., 2012; also V. Merkin, private
communication, 2011].
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[33] The XZ projections of MVA front normals at P3 and
P4 (Figure 8b) may indicate a curved magnetic field line
(flux tube) associated with the front (gray curve). A similar
shape has been found in simulations [Birn et al., 2004a] and
reported in observations [Runov et al., 2009; Panov et al.,
2010; Li et al., 2011].
[34] The plasma velocity vector projections (Figure 8c)

show that the pronounced dusk-tailward flow detected by P3
was not observed by P4, located 1.2 RE earthward and
0.4 RE duskward of P3. The ion F-energy spectrograms
(Figure 9e) show clear enhancements in duskward and tail-
ward ion energy fluxes at 1–10 keV and mainly duskward
flux enhancement at higher energies. Drift velocity calcula-
tions from measured electric and magnetic field result with a
duskward velocity of 200 km/s, i.e., smaller duskward
velocity than one from ESA and SST measurements. Thus,
although the velocity shown in Figure 8c may be over-
estimated, the duskward flow is well established. The Vy

enhancement at P3 persisted for about 2 min. Thus, the
plasma involved in traveled a distance of 4 RE. That it was
not captured by P4 implies spatial flow structuring and may
indicate vortical plasma motion at dawn-side of the front/
BBF. The sense of the vortex is consistent with previous
observations [Keiling et al., 2009; Panov et al., 2010] and
simulation results [Birn et al., 2011].
[35] Changes in front normal direction and vortex flow

pattern in the XY plane, observed during front penetration
from X ≈ �10 RE toward geosynchronous orbit, suggest
interchange or ballooning motion of flux tubes in the near-
Earth plasma sheet [see, e.g., Zhu et al., 2007, and references
therein]. Interchange motion may result in “mushroom”-type
structures in fields and plasma pressure [Guzdar et al., 2010;
Birn et al., 2011]. A similar structure, called as an “inter-
change finger head”, was recently observed in comprehen-
sive 3-D PIC simulations [see Pritchett and Coroniti, 2011,
Figure 1c]. Such a structure passing P3 and P4 is shown
schematically in Figure 8. (Note that a fragment of MHD
simulation results [Guzdar et al., 2010, Figure 3] is out of
scale used in Figure 8 for illustration purposes only. The real
shape of the head is more complex. We also did not try to
scale the clip to fit the observed timing and normal direc-
tion.) It is assumed that P4 crossed the “mushroom”-type
structure near its center as P3 was hit by its dawn-side wing.
This assumption may explain some differences in the P3 and
P4 observations in Figures 9 and 10. For example, P4
observed the Bz-enhancement for about a minute, whereas
P3 detected only a�12 s-long spike. For at least one minute,
P4 observed a high-energy electron population behind the
front; P3 detected only a short (�30 s) enhancement in
energetic electron flux (Figures 9g and 10g). Assuming a
structure propagation velocity of 300–400 km, a wing
thickness of 0.6–0.8 RE can be estimated. Although the
earthward plasma flow at the dipolarization front detected by
P4 suggests front formation as a consequence of midtail
plasma sheet reconnection, the interchange motion may
contribute to steepening of the front [Pritchett and Coroniti,
2010; Hwang et al., 2011; Pritchett and Coroniti, 2011].
[36] An interesting question is whether the interchange

instability developed as a consequence of reconnection or
the near-Earth plasma sheet became interchange (balloon-
ing) unstable prior to reconnection in the mid-tail plasma
sheet. The timescale of ballooning instability development is

≈600 s [Zhu et al., 2007] or ≈40/Wi, where Wi is the ion
gyrofrequency [Pritchett and Coroniti, 2010]. A relatively
thin region with X-extent of a few ion gyroradius (approxi-
mately 1 RE) is unstable against kinetic ballooning [Pritchett
and Coroniti, 2010, 2011]. MHD models suggest that the
unstable region extends up to 5 RE [Cheng and Zaharia,
2004; Raeder et al., 2010]. Comparison of Bz time series at
P3 and P4 (Figure 1) provides no indication of a local Bz

minimum between 0205 and 0215 UT. Thus, development
of kinetic interchange (ballooning) instability prior to
reconnection is unlikely. On the other hand, if current sheet
flapping observed by P2 indicates local thinning of the cur-
rent sheet at X ≈ �15 RE [Erkaev et al., 2009], the bal-
looning instability criteria may be satisfied there. With the
scale of �5 RE, obtained in MHD models, one may expect a
region near P3/P4 to be unstable. A comparison between Bz

at P1 and P2 did not indicate Bz minimum there. Thus, if the
Bz minimum was present, it was quite localized in X and/or
in Y. MHD models, however, showed an unstable region
with a large azimuthal extent.
[37] Three-dimensional PIC simulations have also shown

that azimuthally localized reconnection may develop in the
interchange head wake [Pritchett and Coroniti, 2011]. Mag-
netic field, plasma density, and bulk velocity profiles through
the head obtained in the simulations are indeed very similar to
those observed by P3. Quantitatively, however, the observed
Bz peak amplitude is a factor of 2 smaller than the one pre-
dicted in the simulations. Moreover, to explain i) the observed
small time delay between P4 and P1 observations (�5 s) and
ii) signatures of X-line passage underneath of P2, the time
delay between initial interchange instability leading to the
front formation and subsequent reconnection is required to be
much smaller than predicted by the model [Pritchett and
Coroniti, 2011]. From the observations, we cannot exclude
development of interchange independently from reconnection
(i.e., absence of causal relationship between signatures detec-
ted by P1, P2 and P3/P4). However, the proposed scenario
with reconnection at �15 > X >�16 RE is consistent with the
observed timing, if the causal relationship is assumed.
[38] A strong earthward electric field component (EX

�80 mV/m) observed by P4 (Figure 10) indicates ion and
electron decoupling due to different gyromotions at the front
[Runov et al., 2011]. The appearance of earthward-streaming
ions at energies >10 keV ahead of the front, coexisting with
the ambient population, is consistent with ion acceleration
and reflection at the upcoming front [Zhou et al., 2010]. The
P4 observations of electron pitch angle distribution (PAD)
with peaks at 0, 180�, and 90� at energies 20–30 keV indi-
cate co-existence of betatron and Fermi-type energization
mechanisms at the dipolarization front. Such triple-peak
PAD was obtained in test-particle simulations using fields
resulting from MHD simulations of magnetotail reconnec-
tion [Birn et al., 1997b, 2004b]. The Bz peak value at the
front (≈40 nT) was ≈4 times larger than Bz 20–30 s behind it.
Thus, the 90�-electron energy of 20–40 keV observed at the
Bz peak may result from betatron acceleration of 5–10 keV
electrons.

4. Similar Events

[39] The discussed event is not unique. Observations of
reconnection at X ≈ �20 RE followed by dipolarization front
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observations at X = �10.9 RE between 0445 and 0500 UT
on 26 February 2008 were reported by Angelopoulos et al.
[2008]. Reconnection onset time and location were inferred
from the time delay between observations at P1 (X =
�21.5 RE and P2 (X =�17.2 RE), bracketing the X-line. The
earthward-moving dipolarization front was detected182 s
later than the inferred reconnection time. This timing
suggests a reconnection ejecta propagation velocity of 300–
400 km/s, which is generally consistent with the earthward
plasma bulk velocity observed at P1 (≈300 km/s) and at
P3 (≈500 km/s on average).
[40] In another event (0350–0430 UT, 7 February 2009),

reported recently by Oka et al. [2011], the most tailward
THEMIS probe (P1, X ≈ �30 RE) detected a classical flow
and field reversal, indicating reconnection onset earthward
of P1and tailward X-line retreat. The three inner probes,
situated between X = �9.3 and �8.3 RE, detected a distinct
earthward-moving dipolarization front about 6 min later.
Thus, if reconnection onset was at �30 < X < �25 RE, the
timing gives a propagation velocity of 300–400 km/s. The
earthward bulk flow velocity, observed by P1 and P2 was,
indeed, ≈400 km/s on average.

5. Conclusions

[41] In summary, the presented event study provides
evidence of mid-tail magnetic reconnection leading to dipo-
larization front formation in the near-Earth plasma sheet.
This conclusion is in agreement with results from the other
event studies.
[42] Although in the discussed case plasma sheet dynam-

ics was triggered mid-tail reconnection, the observations
suggest that the interchange instability developed at the
reconnection ejecta front during its intrusion into the near-
Earth plasma sheet. Interchange or ballooning instability
leads to front steepening structuring in the cross-tail direc-
tion and to plasma vortex formation aside and behind the
front. The question of coupling between reconnection and
interchange (ballooning) remains open and requires com-
prehensive 3D modeling.
[43] Another issue arising from this study is a role of

current sheet flapping in the reconnection process. The
complex structure of the flapping current sheet observed in
the spatial and temporal vicinity of reconnection may signal
the instability responsible for reconnection onset. Three-
dimensional kinetic modeling and comparison with obser-
vations are needed to decode this signal.
[44] Finally, mechanisms of particle energization near

dipolarization fronts need to be studied with data analysis
and theoretical modeling. Questions regarding the fate of
particle intrusion into the near-Earth space along with the
dipolarization front should be addressed to future studies
including upcoming RBSP measurements. Studies of parti-
cle dynamics and energization at the fronts, require multi-
point particle measurements with high time resolution.
These questions are to be addressed to future space missions
such as NASA MMS and JAXA Scope.
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