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a b s t r a c t

We present a THEMIS study of a dipolarization front associated with a bursty bulk flow (BBF) that was

observed in the central plasma sheet sequentially at X¼�20.1, �16.7, and �11.0RE. Simultaneously,

the THEMIS ground network observed the formation of a north–south auroral form and intensification

of westward auroral zone currents. Timing of the signatures in space suggests earthward propagation of

the front at a velocity of 300 km/s. Spatial profiles of current and electron density on the front reveal a

spatial scale of 500 km, comparable to an ion inertial length and an ion thermal gyroradius. This kinetic-

scale structure traveled a macroscale distance of 10RE in about 4 min without loss of coherence. The

dipolarization front, therefore, is an example of space plasma cross-scale coupling. THEMIS

observations at different geocentric distances are similar to recent particle-in-cell simulations

demonstrating the appearance of dipolarization fronts on the leading edge of plasma fast flows in

the vicinity of a reconnection site. Dipolarization fronts, therefore, may be interpreted as remote

signatures of transient reconnection.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Dynamic events in planetary magnetospheres, such as sub-
storms, bursty bulk flows (BBFs), and high-energy particle
injections, involve coupling between macro- (global), meso-
(typical time scale 1–10 min), and micro-scale (time scale less
than 10 s, spatial scale less than or equal to ion gyroradius)
processes. Macro-scale interaction between solar wind carrying
the interplanetary magnetic field (IMF) and a planetary magneto-
sphere defines the boundary conditions for meso- and micro-scale
processes. Bursty bulk flows (Angelopoulos et al., 1992), a meso-
scale phenomenon, may result from a plasma sheet instability
(tearing/reconnection, interchange) developed in response to
changes in global-scale boundary conditions converting magnetic
energy to plasma kinetic energy. Earthward BBFs observed in the
plasma sheet within a wide range of geocentric distances from 5
to 30RE are characterized by an increase in the magnetic field
ll rights reserved.

.

Z-component (normal to the undisturbed cross-tail current sheet)
and a decrease in plasma density and plasma pressure (Ohtani
et al., 2004). Thus, the BBFs display a reduction in plasma tube
entropy (pVg), as described by the bubble model (see Wolf et al.,
2009, for review). It is worth noting that entropy-depleted flux
tubes (bubbles) are a natural consequence of magnetic reconnec-
tion in the magnetotail current sheet (e.g., Wolf et al., 2009). The
earthward reconnection outflow carrying an enhanced northward
magnetic field (Bz40 in the GSM coordinate system) may reach
velocities comparable with the asymptotic Alfvén speed, calcu-
lated using the lobe magnetic field (800–1000 km/s) in the
reconnection inflow region.

BBFs carrying an enhanced magnetic flux interact with the
ambient plasma sheet, which leads to formation of thin boundary
layers and a system of field-aligned currents (FACs) that link the
BBFs to the ionosphere (e.g., Sergeev et al., 1996; Birn et al., 2004;
Nakamura et al., 2004). FAC closure through the ionosphere by the
electrojet current results in perturbations in the geomagnetic field
observed by ground-based magnetometers (e.g., McPherron et al.,
1973). Auroral signatures related to BBFs include polar boundary
intensifications (PBI, Zesta et al., 2000) and streamers, often with
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north–south orientation (Sergeev et al., 2000a, b; Nakamura et al.,
2001).

The thin boundary layer separating BBF plasma from the
ambient plasma sheet, often observed as a step-like increase in
the Bz component, is referred to as a dipolarization front (e.g.,
Nakamura et al., 2002; Sitnov et al., 2009; Runov et al., 2009).
Dipolarization front is comparable to an ion thermal gyroradius
(Runov et al., 2009; Sergeev et al., 2009). A dipolarization front is a
kinetic-scale plasma structure, a vertical localized current sheet
(Sergeev et al., 2009).

In this paper we discuss detailed observations of a dipolariza-
tion front associated with a bursty bulk flow detected successively
by four THEMIS probes close to the midnight meridian in the
plasma sheet. Multi-spacecraft measurements allow us to follow
the front’s motion from mid-tail to the near-Earth plasma sheet
and observe the evolution of its meso- and micro-scale properties.
Simultaneous ground-based all-sky camera and magnetometer
observations make it possible to identify the front’s optical
and magnetic signatures in the auroral zone. This combination,
along with solar wind/IMF monitoring provided by Cluster, gives
a comprehensive picture illustrating multi-scale magnetotail
dynamics.
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Fig. 1. Overview of space and ground-based magnetic field observations between 070
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2. Data analysis

2.1. Overview of global (macro) scale observations

We start with a brief overview of space- and ground-based
observation between 0700 and 0900 UT on February 27, 2009. The
Cluster spacecraft, located in the solar wind upstream of the bow
shock, provided monitoring of solar wind and IMF conditions.
According to Ion Spectrometer (CIS, R�eme et al., 2001) data, the
solar wind velocity absolute value at the Cluster spacecraft varied
between 450 and 490 km/s. No significant variations in solar wind
density were observed. The Cluster Fluxgate Magnetometer (FGM,
Balogh et al., 2001) shows that IMF Bz was predominantly
northward between 0130 and 0400 UT and between 0440 and
0700 UT. The IMF at Cluster-3 (C3), located at [17.8, 2.2, �11.0] RE

(GSM coordinate system is used throughout this paper), from
0700 to 0900 UT is shown in Fig. 1, panels a–c.

The THEMIS pseudo-AL index, calculated from the THEMIS
magnetometer array in Northern America (Russell et al., 2008;
Mann et al., 2008), began to increase gradually, while the dBx

(daily median value subtracted) at the CANMOS Yellowknife
station (YKC, 69.111N, 297.91E, geomagnetic) showed a sharp
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decrease at about 0750 UT (panel d). This sharp dBx was not
detected by the magnetometer at Fort Smith (FSMI, 67.21N,
306.64E), which indicates that the corresponding current system
was very localized.

The Flux-Gate Magnetometer (FGM, Auster et al., 2008) at
THEMIS probes P1–P4 (panels e–h), situated in the plasma sheet
(jBjo10 nT at P1, P2 and o30 nT at P3, P4), detected high-
amplitude spikes in both the Z-component and the absolute value of
the magnetic field (a dashed-line box in Fig. 1). The spikes were
detected by P1 at 0751:26 UT, then by P2 at 0752:34 UT, and, finally
by P3 and P4 at 0754:07 and 0754:11 UT, respectively (see Fig. 2 for
probe locations). Assuming that the variations are due to
propagation of a spatial structure (a dipolarization front), the
timing suggests an earthward propagation velocity of 300 km/s
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Fig. 2. THEMIS (P1–P5) and GOES 13 (G13) spacecraft locations at 0750 UT on

February 27, 2009, are shown along with T96-model field lines.
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Fig. 3. Left column: snapshots of THEMIS all-sky camera auroral images at 0752:30 and

calculated using the T96 model. The blue line indicates magnetic midnight. The whi

variations in X, Y, and Z magnetic field components observed at the CANMOS Yellowkn

THEMIS P1, P2, P3, and P4. (For interpretation of the references to color in this figure
(Runov et al., 2009). THEMIS P5 (panel i), which was away from the
central plasma sheet, detected a more gradual, smaller-amplitude
increase in Bz. The GOES-13 spacecraft, situated on geosynchronous
orbit in conjunction with THEMIS probes, detected small-amplitude
Pi2-like variations in the magnetic field (panel j).

Fig. 3 (left column) shows two successive mosaics of auroral
images obtained by a group of THEMIS All-Sky Imagers (ASI, Mende
et al., 2008) located near magnetic midnight. Footprints of the
THEMIS probes, estimated by mapping the probe positions onto the
ionosphere along the T96 (Tsyganenko, 1995) model magnetic field
lines, were near midnight and in the field of view of the ASI stations.
(The entire mosaic as well as individual images from all stations is
available at http://themis.ssl.berkeley.edu/gbo/.) Pronounced
intensification was observed at 0747 UT at Fort Smith and Gillam.
The aurora progressed poleward between 0749:30 and 0752:30 UT.
The formation of a north–south (NS) structure, a part of an auroral
vortex visible in the Fort Smith field of view, began at 0752:30. This
structure appeared at about 701 (see image taken at 0752:30 UT),
somewhat south of the polar boundary of the auroral oval.

The right column in Fig. 3 shows Earth magnetic field variations
detected by YKC between 0745 and 0800 UT. The variations in X

(northward) and Z (vertical down) components, indicating a growth
of westward electrojet, started at 0749:48 UT (prior to the dipolar-
ization front detection) southward of YKC. A pronounced negative
variation in Bz was observed between 0753:50 and 0756:50 UT, i.e.,
about 2 min after the dipolarization front was observed by P1. This
may indicate a poleward expansion of the electrojet.
2.2. THEMIS meso-scale observations

In this subsection we describe and analyze magnetic field and
particle observations made by four THEMIS probes (P1–P4) in the
B
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plasma sheet, focusing on variations with several-minute time
scales (meso-scale). Particle data are provided by the THEMIS
Electrostatic Analyzer (ESA, McFadden et al., 2008), which
measures ion and electron fluxes in the energy range 0–28 keV,
and by the Solid State Telescope (SST, Angelopoulos, 2008), which
covers the energy range 30 to � 1000 keV. Since the burst-mode
data are available during the interval of interest, both instruments
provide data with a � 3 s sampling rate and full angular
resolution (ESA: 32�11.251, 8�22.5, SST: 16�22.51, 4�301).

Fig. 4 shows the magnetic field and the plasma parameters
observed by P1 at [�20.1, �0.6, �1.5]RE and by P2 at [�16.7,
�1.6, �2.2]RE for 5 min between 0750 and 0755 UT. At around the
dipolarization front arrival time (indicated by dashed vertical lines),
both probes observed similar plasma parameter behavior, including
a drop in plasma density from � 1 to � 0:1 cm�3, an increase in
electron temperature from 0.3 to 1.5 keV, and an increase in
perpendicular proton temperature (T?) from 2 to 5–6 keV. The
increase in T?, which lasted about a minute, was followed by an
increase in the parallel proton temperature. The plasma bulk
velocity at both probes was modest at front arrival and increased
gradually behind the front. Although the ion temperature increased
behind the front, the plasma pressure decreased due to the density
drop. The plasma-b¼ 2m0PiB

�2 at P1 and P2 was larger than 10
prior to arrival of the dipolarization front. The aforementioned
decrease in plasma pressure along with an increase in total
magnetic field value causes a decrease in b at the front to � 1.
Similar behavior of b was previously shown for flux ropes (e.g.,
Slavin et al., 2005). The flux-tube entropy function PV5/3, where V is
the flux tube volume, calculated using the Wolf et al. (2006)
approach, decreased from � 0:2 to � 0:05 ðnPa � RE=nTÞ5=3. It should
be noted, however, that the Wolf et al. (2006) formalism, which was
developed assuming the force balance, may be inaccurate for high-
speed flow intervals. Since the bulk flow velocity increased
gradually, we applied the technique to qualitatively estimate the
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Fig. 4. Observations by THEMIS P1 (left column) and P2 (right column) between 0750

components of the magnetic field (a), ion (b), and electron (c) differential energy fluxe

plasma b parameter (g), flux-tube entropy function (h), and bulk flow velocity (i).
flux-tube entropy ahead of and behind the front. Both probes also
detected a notable increase in differential energy fluxes (DEF,
eV [s cm2 sr eV]�1) of 50–200 keV ions and a jump in differential
energy fluxes of 30–150 keV electrons.

The dipolarization front, therefore, is a boundary separating
hot, tenuous, lower-entropy BBF plasma with significantly
anisotropic ion temperature from the relatively dense, cool,
higher-entropy, isotropic ambient plasma sheet.

Observations made by P3 at [�11.1, �2.8, �2.2] and P4 at
[�11.1, �1.8, �2.4]RE between 0752 and 0757 UT are shown in
Fig. 5. Generally, these two probes, separated mainly in the
Y-direction, observed signatures similar to those detected by P1
and P2 2–3 min earlier: a drop in plasma density, an increase in
electron temperature, a gradual increase in bulk velocity, a
decrease in flux-tube entropy function, a gradual increase in
100–300 keV ion DEFs, and a sharp increase in 30–200 keV
electron DEFs. Thus, the P3/P4 pair situated in the near-Earth
plasma sheet observed the same boundary that had been detected
earlier in the mid-tail plasma sheet. At the same time, there are
notable differences in P3 and P4 observations. The bulk flow
velocity at P3 was tailward and dawnward ahead of the front, but
turned earthward whereas at P4 it was mainly earthward with a
significant duskward component just ahead of the front. The ion
temperature at P3 gradually increased from 3 to 4 keV, whereas at
P4 its behavior was similar to that at P1 and P2 (a rapid jump with
significant anisotropy (T?4TJ) lasted about a minute). Since P3
and P4 probes were located at the same X and Z, these differences
should be attributed to their Y-separation.
2.3. THEMIS micro-scale observations

This subsection is focused on micro-scale properties of the
dipolarization front, a boundary separating BBF plasma from
P2 (THEMIS C)
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ambient media. Burst-mode data with the highest temporal
resolutions (128 Hz for FGM and the spin-resolution (� 3 s) for
ESA and SST) allow us to reconstruct a detailed spatial profile of
the front. Assuming a constant, earthward-directed propagation
velocity Vt � 300 km=s, the integral DX ¼

R t
t0

Vt dt gives the
distance traveled by the spacecraft in the tailward direction
across the front. The Y-component of the current density
jy ¼ m�1

0 ½@zBx�@xBz� ¼ jy0þ jy1 is the sum of the equatorial current
density (jy0) and the current density associated with the
dipolarization front (jy1). An estimate of jy0 may be obtained by
comparing Bx at P1 and P2 at the front: � 5 and ��5 nT,
respectively. The Z-distance between the two probes was
DZ � 4:5� 103 km. Assuming planar geometry of the cross-tail
current sheet, this gives an estimate of jy0 � 2 nA=m2. The term
(jy1) may be estimated from temporal variations in Bz and Vt:
jy1 � m

�1
0 DBz=VtDt, where DBz is the variation in Bz during the time

interval Dt. Fig. 6 shows Bz, jy1 and the electron number density
(ne) estimated from the spacecraft potential (e.g., Mozer, 1973),
measured by the THEMIS Electric Field Instrument (EFI, Bonnell
et al., 2008), plotted against the tailward distance DX traveled by
P1 and P2. The maximum values of jy0 reached � 100 nA=m2 at P1
and � 70 nA=m2 at P2 are two orders of magnitude larger than jy0.
The jy1 profiles at P1 and P2 reveal a similar structure, including a
negative peak (more pronounced at P2) and two positive peaks.
The 500 km scale of the double-peak structure corresponds to that
of the electron density gradient. The negative peak of jy1 was
observed slightly ahead of the ne gradient.

Row (d) in Fig. 6 contains a set of electron distribution
functions obtained by P1 and P2 ESA (0.1–25 keV energy range;
points with count rate below 1 count/s are excluded) ahead of the
front, in close proximity to it, and behind it. Although some details
of the observed distributions are different at P1 and P2, it is
clear that the electron population behind the front is more
energetic and has a pancake-like distribution (901 electrons are
more energetic than 01 and 1801 ones). A corresponding set of
high-energy (28–200 keV) electron pitch-angle distributions
(PAD) obtained by P1 and P2 SST is displayed in row (e). The
PAD at P1 and P2 show the same feature: 901 electrons of energies
430 keV on and behind the front.

Fig. 7 shows the same observations but for P3 and P4.
jy0pDBx=DZ estimated from differences between P3/P4 and
P4/P5 did not exceed 3 nA/m2 at the front. Thus, the cross-tail
current density was dominated by jy1pDBz=DX. The profile
observed by P3 reveals the same structure (with a negative and
two positive peaks in jy1) as was observed 3 and 2 min earlier by
P1 and P2. The jy1 profile at P4 looks different. At P4 the front-
normal direction obtained via MVA deviated from the bulk
velocity direction (Runov et al., 2009). Thus, P4 might cross the
front partly tangentially, which may explain the difference in jy1

profiles at P3 and P4.
The electron distribution functions obtained ahead of, around,

and behind the front show similar properties at P3 and P4,
including more isotropic heating, than observed by P1 and P2. The
corresponding PAD of high-energy electrons also differ from those
at P1/P2. At P3, the PAD of 430 keV electrons obtained at and
behind the front exhibit peaks at 01, 901, and 1801. At P4, the PAD
are rather cigar-shaped with peaks at 01 and 1801.
3. Summary and discussion

We have shown a set of space- and ground-based observations
illustrating macro-, meso-, and micro-scale plasma sheet character-
istics during a bursty-bulk flow event. IMF variations between 0700
and 0730 UT (see Fig. 1) may change global-scale boundary
conditions. Some plasma sheet instability, presumably reconnection,
which may act in response to the change in global boundary
conditions, led to formation of a meso-scale object, a flux tube
populated by hot, tenuous, earthward-moving plasma with lower
PVg, carrying an enhanced magnetic flux through the equatorial
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plane, i.e., a plasma bubble. The new plasma population was detected
successively by THEMIS probes situated in the plasma sheet, starting
with the most distant one (P1). The quantitative and qualitative
similarity in field and plasma parameters observed successively at
X¼�20, �16, and �11RE suggests that the same plasma bubble was
observed successively in the course of its earthward propagation. The
propagation velocity, estimated to be 300 km/s, is consistent with
recent observations by the Cluster and Double Star spacecraft (Walsh
et al., 2009), although smaller than the propagation velocity of the
transient dipolarization reported by Slavin et al. (2002). The bubble
was observed by each probe for (� 1 min). An estimation of its scale
in the X-direction is therefore 2.5–3RE.

A distinct auroral structure, oriented mainly in the north-south
direction, was observed by the THEMIS ASI station in the near-
midnight sector about a minute after the first observation of the
new plasma population in the plasma sheet by P1. This auroral
structure was likely an ionospheric manifestation of the BBF.
Enhancement of the westward electrojet observed in the same
MLT sector as THEMIS probe footpoints � 150 s later than
detection of the dipolarization front by P1 (Fig. 3) may be
interpreted as a signature of a localized BBF-related FAC system.

A micro-scale boundary, the dipolarization front was formed
by interaction between the BBF and the ambient plasma sheet. It
was detected successively by spacecraft located in the plasma
sheet between X¼�20 and �11RE. The inward propagation of the
transient dipolarization agrees with previous observations by
radially separated spacecraft (e.g., Ohtani, 1998; Slavin et al.,
2002). Since it was not observed by GOES-13, situated in
conjunction with THEMIS (Figs. 1 and 2), the front likely stopped
somewhere between �11RE and geosynchronous orbit. Pi2-like
variations in the magnetic field observed by the geostationary
spacecraft indicate that a compression wave was launched by
braking of the BBF.

Spatial reconstruction of the dipolarization front profile (Figs. 6
and 7) shows that the Bz variation and the positive cross-tail
current density nearly coincide with a rapid decrease in electron
density, although the major ne gradient started slightly behind the
first peak in jy. Similar observations were recently reported by
Sergeev et al. (2009). The scales of both the current density and
electron density gradient were similar (estimated to be
� 500 km), on the order of magnitude of the 5-keV proton
gyroradius in the magnetic field of 20 nT. This 500-km scale,
which is also comparable to the ion inertial scale di ¼ c=opi for
ni¼0.2 cm�3, suggests electron and ion decoupling. The electric
current due to dawnward net drift of electrons on the sharp
pressure gradient (diamagnetic current) may support the sharp
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positive variation in Bz. Quantitatively, an 0.1 nPa jump in
pressure over a distance of 500 km in the 20 nT-field results in a
diamagnetic current density of 10 nA/m2, assuming that ions are
stationary. A Bz variation of 20 nT over 500 km gives
jy � 30 nA=m2. That rBz and rne do not fully coincide suggests
that local particle acceleration may significantly contribute to the
current density. The negative jy observed ahead of the front may
be due to electrons drifting duskward in the magnetic field
gradient. The local observations do not provide information on the
closure of these currents. The westward electrojet signatures
detected by the ground-based magnetometer (Fig. 3) suggest
closure through ionosphere via FACs.

Enhancements in the 50–200 keV ion and 30–150 keV electron
energy fluxes were observed on the dipolarization front. A gradual
increase in ion energy flux was detected ahead of the front and a
more rapid increase observed after it. The energy flux of high-
energy electrons, in contrast, increased exactly at the front.
Interestingly, at �20oXo�16RE, the pitch-angle distribution of
the electron energy flux shows a maximum at 901, whereas at
X¼�11RE the PAD reveals maxima at 01 and 1801. The
dipolarization front, therefore, is an earthward-propagating
boundary of energetic particle intrusion. In this sense, it may be
referred to as ‘‘injection boundary’’ (e.g., Moore et al., 1981;
Sergeev et al., 2009; Zhou et al., 2009).
Recently, the formation of dipolarization fronts was
demonstrated in PIC simulations of impulsive reconnection
with open boundary conditions (Sitnov et al., 2009). Fig. 8
shows the simulation results: localized intensifications of the
cross-tail current density (dipolarization fronts) are clearly visible
in negative (dashed box) and positive halves of the simulation
domain. The simulation results reveal many features that are
similar to those in our observations: the front thickness is about
di; the electric field component normal to the front, which
suggests ion and electron decoupling at the front; plasma density
increase followed by abrupt decrease, and a more gradual
increase in plasma bulk velocity (see Fig. 8, right column). In
the simulations, the fronts appeared at a short distance (o20di)
from the initial X-line. The similarity with observations indicates
that fronts generated in the course of transient reconnection may
survive a long time and travel macroscopic distances. The
simulations also showed that energy dissipation (j � E) is
stronger on the dipolarization fronts than at the initial
reconnection region. Recent PIC simulations of magnetopause
reconnection also showed that the dissipation region where
electrons are energized has an ion scale size and are not co-
located with the reconnection region (Pritchett and Mozer, 2009).
THEMIS observations indeed show acceleration of ions ahead of
the front (Zhou et al., 2010). More efforts, both in modeling and



Fig. 8. Left column: a snapshot of magnetic field (lines) and current density (color-coded) resulting from PIC simulations with open boundary conditions (Sitnov et al.,

2009). A set of Bz profiles at different times. The dipolarization front is indicated by dashed box. Right column: time-series of field and particle parameters as measured by

two virtual probes in the simulation box. Compare with Figs. 4 and 5. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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data analysis, are needed to separate local energization from
transport of pre-energized particles.
4. Concluding remarks

Showing the clearest example of a dipolarization front, our
case is not unique. THEMIS observations during the 2008–2009
magnetotail seasons reveal many similar events.

Although THEMIS multi-probe observations allow us to
reconstruct a one-dimensional profile of the dipolarization front,
assuming its earthward propagation at a constant velocity, multi-
point measurements with small separations along all three
directions are needed to resolve the three-dimensional structure
of dipolarization fronts. This is also a topic to be addressed in
future multi-spacecraft magnetospheric missions, such as MMS,
Scope, and Cross-Scale.

The kinetic model of transient magnetic reconnection may
explain many observed signatures. Understanding of the structure
and closure of the current system supporting the dipolarization
front requires three-dimensional modeling, however. The stability
of this system and the mechanisms of particle acceleration and
heating on the front should be addressed in further theoretical
analyses.
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