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[1] We study current carriers observed within thin current sheets ahead of and during the
passage of earthward moving dipolarization fronts in the near‐Earth plasma sheet using
Time History of Events and Macroscale Interactions During Substorms (THEMIS)
multipoint measurements. The fronts are embedded within flow bursts at the initial stage of
bursty bulk flow events. Simultaneous north‐south and radial separations between
probes P3, P4, and P5 and the planar current sheet approximation enable estimation of
cross‐tail current density in the current sheet ahead of and within the fronts, respectively.
The cross‐tail current density increase ahead of the fronts, a substorm growth phase
signature, is predominantly due to the ion diamagnetic current; at times, however, the
electron pressure gradient may contribute up to 60% of the total current density. Note that
in this paper we refer to the horizontal (vertical) current sheet as the cross‐tail current sheet
(current sheet associated with dipolarization fronts). At the dipolarization fronts, the
horizontal cross‐tail current sheet (with a current density of several nA/m2) relaxes, and a
vertical current sheet (with a current density of several tens of nA/m2), consistent with the
thin interface of the front, appears. Thus, the cross‐tail current at longitudes adjacent to
the flow burst feeds into the dipolarization front’s current sheet and may be extended to
higher latitudes. The vertical current density also decreases after passage of the front. The
pressure gradient of 1–10 keV electrons is a dominant contributor to the current in the
dipolarization fronts. In the event studied, probes P1 and P2, which were several Earth
radii downtail, reveal a tailward expansion of the current reduction process at a
propagation velocity ∼50 km/s, even as the bulk flow carrying the magnetic flux remains
earthward. This study shows how dipolarization fronts and their current systems are
building blocks of the large‐scale substorm current wedge.
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1. Introduction

[2] Thin current sheets in the magnetotail are a key ele-
ment of magnetospheric substorms [Pulkkinen et al., 1994;
Baumjohann et al., 2007]. In the past it has been difficult,
however, to examine magnetotail current sheet structure and
its evolution as inferred from particle observations on single
spacecraft because noise (e.g., thermal noise of electron
distributions or temporal aliasing) and offset sources (e.g.,
asymmetry of spacecraft potential) typically dominate the
signal. Multipoint observations for study of current sheet

structure and dynamics, are essential for determining an
absolute integrated current density between the spacecraft
that can then be compared with plasma measurements of
local current densities. Significant progress in current sheet
studies was made using two‐point ISEE 1 and 2 [Pulkkinen
et al., 1994; Sanny et al., 1994] and four‐point Cluster [Runov
et al., 2003, 2006; Thompson et al., 2005; Petrukovich et al.,
2007] observations. Since then, the five‐probe Time History
of Events and Macroscale Interactions During Substorms
(THEMIS) mission [Angelopoulos, 2008] has contributed
equatorial multipoint measurements that can be used in such
studies. In the 2009 tail science season (mid‐December‐April
[see Sibeck and Angelopoulos, 2008]), three THEMIS probes
monitored magnetotail current sheet dynamics at a geocentric
distance of 11 Earth radii (RE), i.e., in the transition region
between tail‐like and dipole‐dominated plasma sheet, from
both horizontal (XGSM, YGSM) and vertical (ZGSM) separa-
tions. This region plays a key role in magnetospheric
dynamics during substorms, and recent THEMIS studies have
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revealed that the evolution of substorm phenomena on the
ground can be correlated with the evolution of the substorm
current wedge in space at that location [e.g., Angelopoulos
et al., 2008].
[3] Thinning and stretching of the plasma sheet and an

increase in the cross‐tail current are well‐described phe-
nomenological aspects of the substorm growth phase in
Earth’s magnetotail [Petrukovich et al., 2007, and references
therein]. During that phase the current sheet thickness
decreases dramatically with time, from a few Earth radii to
less than 1 RE (down to the order of hundreds of kilometers);
that is, it becomes comparable with the ion thermal gyro-
radius [Sergeev et al., 1990; Sanny et al., 1994; Zhou et al.,
2009].
[4] This plasma sheet thinning leads to demagnetization

of a large fraction of neutral sheet ions [Zhou et al., 2009];
electrons, however, are expected to remain magnetized.
Intensification of the relative drift between ions and elec-
trons may result in ion tearing [Schindler, 1974; Sitnov et al.,
2002] of the current sheet and/or cross‐field current insta-
bility, leading to current disruption [Lui, 1996]. Therefore, a
study of current carriers within such thin current sheets is
important for understanding the dynamics of the plasma
sheet related to different substorm phases.
[5] Under stationary conditions, the drift velocity of the

s component fluid in anisotropic plasmas, as derived from
the momentum equation, is

vs ¼ E� B
B2

þ 1

qsnsB2
B�rPs? þ 1

qsnsB2
B�r
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� �BB

B2

� �
: ð1Þ

The current density, J?, perpendicular to the magnetic field,
B, in a collisionless plasma therefore includes two terms:
one containing the pressure gradient perpendicular to B, and
the other, the pressure anisotropy term (P// − P?) divided by
the radius of curvature of the local magnetic field [e.g.,
Mitchell et al., 1990], i.e.,

J? ¼ B
B2

� rP? � P== � P?
Rc

� �
n

� �
; ð2Þ

where P// (P?) is the plasma pressure along (across) B, Rc

the local radius of curvature of B, and n the unit normal
vector outward from the center of curvature. Thus, the
excess electron pressure parallel to B will contribute to J? in
a stretched field reversal region.
[6] Mitchell et al. [1990] showed that during the early

growth phase of a substorm, thermal electrons (∼1 keV,
adiabatic) can contribute significantly to the cross‐tail cur-
rent, due to pressure anisotropy (excess parallel pressure
relative to perpendicular pressure). In the late growth phase,
however, nonadiabatic ion motion is sufficient to support
the entire current.
[7] A number of studies have shown that flows in the

near‐Earth and midtail plasma sheet tend to occur in 10 min
time scale flow enhancements (bursty bulk flow events) that
contain embedded velocity peaks ∼1 min in duration (flow

bursts). An earthward pressure gradient that is anticipated
ahead of the significant earthward transport of the northward
magnetic flux [Angelopoulos et al., 1994] causes the flow
bursts to pile up at the inner edge of the plasma sheet. The
resulting enhancement in magnetic pressure may cause
the stopping point of the flow bursts to move tailward
[Shiokawa et al., 1997]. Indeed, Baumjohann et al. [1999]
reported an observation of dipolarization at 10–15 RE

expanding tailward at an average velocity of 35 km/s; while
more recently, Panov et al. [2010a, 2010b] reported on
THEMIS observations that demonstrate the actual stopping
of the flow caused by the intense pressure gradients. The
pressure gradients build up once the individual flow bursts
reach the inner magnetosphere, causing the incoming
plasma to recoil and oscillate in the 1–2 min period range
multiple times.
[8] Large‐scale magnetic field dipolarization during a

substorm is thought to be due to reduction of the total cross‐
tail current in the near‐Earth region and related to the
buildup of the substorm current wedge [McPherron, 1979].
According to McPherron et al. [1973], the current wedge is
responsible for the diversion of part of the cross‐tail current
into the auroral ionosphere. Initial current wedge formation
has been referred to as the current disruption (CD) process
[Lui et al., 1988]. Current disruption starts in a small equa-
torial area (∼1 RE

2) [Ohtani et al., 1991] and propagates
longitudinally [Nagai, 1982] and tailward at ∼200 km/s
during the course of a substorm [Jacquey et al., 1991; Ohtani
et al., 1992a, 1992b]. The current wedge may be present
over a large region of the nightside magnetosphere, ex-
tending as far downtail as 30 RE [Ohtani et al., 1992a].
[9] A dipolarization front, observed within a bursty bulk

flow (BBF), is a thin boundary layer separating hot, tenuous
BBF plasma from the ambient plasma sheet [Nakamura et al.,
2002; Runov et al., 2009, 2010]. It represents another class
of thin current sheets in the magnetotail: a vertical current
sheet, strongly localized approximately along the X direction
[Sergeev et al., 2009]. The thickness of such structures can
be as small as the ion inertial length [Runov et al., 2009].
This scale suggests decoupled motion of ions and electrons.
An important question therefore is whether the vertical cur-
rent is due to electron pressure gradients/anisotropy or ion
pressure gradients/anisotropy. Another important question
is how the dipolarization fronts interact with the preexisting
cross‐tail current and the inner magnetosphere to contribute
to the global substorm current wedge. If the current wedge
extends to 30 RE, as noted in the Ohtani et al. [1992a] study,
do the reconnection sites retreat downtail [Angelopoulos et
al., 1996a], or do the two processes (namely, the earthward
side of the reconnection ejecta and the current disruption)
merge and become indistinguishable at larger distances?
[10] In this paper, we report results of a case study that

examines current carriers ahead of and within dipolarization
fronts using THEMIS measurements. Our results suggest
that the dominant cross‐tail current contributors during the
growth phase are ions rather than electrons from pressure
anisotropy, as was inferred from earlier studies. We also
investigated the relative contribution from ions and electrons
within the dipolarization front and conclude that the elec-
trical current arising from the electron pressure gradient is a
dominant contributor to the current density under such
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conditions. Finally, we report on the tailward evolution of
the substorm current wedge in the context of the earthward
flows using the fortuitous presence of two probe groups at
two different downtail distances near the same meridian.

2. Observations

[11] We examined THEMIS observations during a sub-
storm, when the probes were in major conjunction, i.e., tail
aligned, with a Y separation of less than 2 RE. Data from the
THEMIS FluxgateMagnetometer (FGM) [Auster et al., 2008],
Electric Field Instrument (EFI) [Bonnell et al., 2008], Elec-
trostatic Analyzer (ESA) [McFadden et al., 2008], and Solid
State Telescope (SST) [Angelopoulos, 2008] were used in
this study.
[12] During this major conjunction on 23 March 2009,

two pairs of mostly Z‐separated THEMIS probes, P4/P5 and
P1/P2, were located at X = −11 RE and −14.5 RE, respectively
(Figure 1). P3 was separated from the inner pair (P4/P5) by
∼0.5 RE and ∼1 RE in the X and Y directions, respectively.
The inner pair was able to observe the neutral sheet vicinity,
while the outer pair (P1/P2) was located slightly farther
away, near the outer plasma sheet. Note that in this paper we
refer to X, Y, Z as the three orthogonal directions in the
geocentric solar magnetospheric (GSM) coordinate system.

[13] Figure 2 shows an overview of THEMIS measure-
ments between 0400 UT and 0700 UT. The THEMIS
pseudo‐AE index [Russell et al., 2008] is provided in
Figure 2a; the time series of X and Z magnetic field com-
ponents at P5/P4 (located at the same X and Y and separated
by ∼1 RE in Z) and P3 (separated from P5/P4 by ∼0.5 RE and
∼1 RE in the X and Y directions) are shown in Figures 2c, 2d,
and 2b; the three components of the electric field data (in
GSM coordinates with offsets removed) observed by P4
are plotted in Figures 2e and 2f (in order to show the
magnitude of the electric field variations, we enlarged the
data in Figure 2f); the following panels depict electron
(Figure 2g) and ion (Figure 2h) energy spectra, ion density
(Figure 2i), plasma and magnetic pressures (Figure 2j).
Figure 2k shows the current density from ion bulk flow in
the probe frame of reference Jiy = (nevi)y (black), electron E ×
B drift JE×B = −(nevE×B)y (blue), and electron pressure gra-

dient Jey dia ¼ � Bx�@Pe?=@z
B2 (green). Figure 2l compares the

local current density estimated from Harris model (black)
with the current density calculated from plasma moments
(red).
[14] During the first 2 h, the geomagnetic environment

was quiet. The THEMIS pseudo‐AE index (2a, consistent
with the Kyoto geomagnetic AE index) began to increase
gradually at 0450 UT, followed by a sudden rise from about
30 nT to about 200 nT within 10 min starting at 0605 UT.
The IMF Bz remained southward during the event. IMF By

was negative. The solar wind dynamic pressure was steady
at about 0.6–0.8 nPa, and the velocity of the solar wind Vx

was nominal (410 km/s). Other activity indices were also
very small (Dst ∼ −10 nT, Kp ∼ 0+).
[15] To ensure accurate flow velocities, we removed

sources of contamination, such as photoelectrons in the
electron detector [McFadden et al., 2008] and background
high‐energy electrons in the ion detector when necessary. We
included the energetic particle instrument (SST) contribution
to the ion moments, after removing sunlight and electronic
contamination.
[16] As shown in Figures 2b–2d, during the lowAE interval

(0400–0603 UT), P5 (P3), located in the southern (northern)
half of the plasma sheet, detected a gradual increase in ∣Bx∣
accompanied by a decrease in Bz. At the same time, P4,
located near the neutral sheet (Bx < 5 nT), observed small
fluctuations in Bx and a pronounced decrease in Bz. These
signatures suggest thinning and stretching of the current
sheet [Petrukovich et al., 2007]. The Z separation of P4 and
P5 enables estimation of the current density at location of
P4 (black line in Figure 2l) by fitting magnetic field data
from these two probes into a Harris sheet model [Harris,
1962]. Between 0430 and 0600 UT the current density
increased by a factor of 3, from2 to 6 nA/m2, indicating current
sheet thinning during the growth phase of the substorm.
[17] The inconsistency between the ion‐contributed cur-

rent density (black curve in Figure 2k) and the current
density from the Harris model (black curve in Figure 2l) at
P4 indicates that the current cannot be supported by ions
alone, and that the assumption of electron stationarity is
incorrect. As illustrated in Figure 2k, the diamagnetic current
from the electron pressure gradient (green line in Figure 2k)
may contribute up to 60% to the total current at ∼0540 UT.
In calculating the local current density from particle con-

Figure 1. Projections of THEMIS probes in X‐ZGSM and
X‐YGSM plane and neutral sheet location at ∼0600 UT on
23 March 2009.
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Figure 2. Overview of the event, with a vertical dashed line indicating arrival of dipolarization fronts at
P4. From top to bottom: (a) THEMIS pseudo‐AE index; the X, Z component of magnetic field data in the
geocentric solar magnetospheric (GSM) coordinate system for (b) P3, (c) P5, and (d) P4; (e, f) P4 obser-
vation of electric field data (after removing the offsets) in GSM coordinate system; time evolution of the
(g) ion and (h) electron energy flux; (i) ion density profile; (j) plasma and magnetic pressure profile;
(k) current density from ion bulk flow (black), electron E × B drift (blue), and electron pressure gradient
between the two probes (green); and (l) comparison between the local current density from Harris model
(black) and that from particle contributors (including ion bulk flow and the electron drift from pressure
gradient between the two probes) for P4.
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tributors in Figure 2l, we utilized the ion bulk velocity from
measurements and electron drift retrieved from equation (1),
i.e.,

Jy ¼ ne vi � vE�Bð Þy�
Bx � @Pe?=@z

B2
: ð3Þ

The electron pressure gradient was estimated using the
pressure difference between the two probes (P4/P5). Current
from electron pressure anisotropy was evaluated and found
negligibly small by comparison. To obtain E × B drift for
particles, we calculated the third component of the electric
field (Ez_DSL) using the E · B = 0 approximation. The offsets
of the other two components were removed based on typical
offset values in a similar density/temperature environment,
Ex_offset ∼ −0.8 mV/m and Ey_offset ∼ 0 mV/m, and consistent
with average values earlier during this day.
[18] As seen in Figures 2c and 2d, at ∼0603 UT, P4 and

P5 detected a rapid increase in the Z component of the
magnetic field accompanied by a decrease in the X com-
ponent: a dipolarization front. The electric current density
within a dipolarization front can no longer be obtained by
taking advantage of the Z separation of P4 and P5. Instead,
one may reconstruct the electric current profile by convert-
ing the time derivatives of the magnetic field (∂Bz/∂t) to its
space derivatives (∂Bz/∂n), where n is the normal direction
of the dipolarization front. To examine the orientation of
the dipolarization front detected by P4 and P3 (separated by
∼0.5 RE in the Y direction) close to the neutral sheet,
MinimumVariance Analysis (MVA) [Sonnerup and Scheible,
1998] was applied to the magnetic field time series capturing
the fronts. The MVA results are summarized in Table 1. The
three MVA eigenvectors, R1, R2, and R3, corresponding to
the three eigenvalues, l1, l2, and l3, define the maximum,
intermediate, and minimum variance directions in the GSM
coordinates, respectively. Because l2/l3 > 10, R3 was inter-
preted as the front normal vector. The normals are close to
the XGSM direction. The evolution of the ZGSM component
basically matches the maximum variance component of the
magnetic field data for the first two fronts; but there is an
offset between these two methods for the third front. Using
the E × B drift velocity in the minimum variance direction
(i.e., the front normal direction), we converted time differ-
ences ∂Bz/∂t to distances (∂Bz/∂t · vn) and reconstructed the
profile of ∂Bz/∂n, i.e., electric current density at the front.
[19] To address the question of current carriers, we exam-

ined contributions to the current from electrons and ions
within dipolarization fronts. To do this, we investigated
electron pressure profiles at each front. Figure 3 shows a
comparison of the electron, magnetic pressures, and Psum

(sum of electron and magnetic pressures) and the current
density from Bz change (green) and electron pressure gradient

(black) for three fronts observed by P4. The current density
from ion polarization drift is also included for the third front
(blue curve in third panel of Figure 3c represents the current
density from electron pressure gradient plus ion polarization
drift). The typical duration of one dipolarization is on the
order of 1–10 s, so we could not use the nominal observa-
tions for particle moments from the ESA/THEMIS instru-
ment (with a 3 s cadence) to resolve the structure. Since
the electrons are fast and most probably gyrotropic, we used
the electron flux measured in the perpendicular sectors
with the particle detector rotating 16 times per spin to give
much higher temporal resolution data (with a 3/16 s cadence)
(similar to Figure 3 of Sergeev et al. [2009]). Error bars
associated with this calculation of electron perpendicular
pressure are overlain in the data (second panel in Figure 3),
once every fifth data point. Since ions are not necessarily
gyrotropic, we could not apply this technique to get higher
temporal resolution data for ion moments. So we first esti-
mated the current contribution from the electron pressure

gradient within the dipolarization fronts, Jy � Bz�@Pe?=@n
B2 .

[20] A clear anticorrelation between the magnetic pressure
(green) increasing at the fronts and the electron perpendic-
ular pressure (black) decreasing at the fronts is visible
(second panel). Moreover, the current density estimated
from the change in Bz and the diamagnetic current due to the
perpendicular electron pressure gradient (Jy � Bz�@Pe?=@n

B2 ) are
of the same order of magnitude (third panel).
[21] To complete our investigation of current carriers

within the vertical current sheet, we also checked the ion
diamagnetic current Jiy_dia = ne(vi − vE×B)y within dipolar-
ization fronts using nominal measurements for ion moments
(with a 3 s cadence). It is ∼0.5–5 nA/m2, almost an order of
magnitude smaller than the current from the electron pres-
sure gradient. This indicates that the vertical current sheet
density is mainly supported by the net electron current
resulting from the perpendicular pressure gradient. The
current density associated with the thin dipolar structure is
∼30 nA/m2, which is 10 times larger than the horizontal
cross‐tail current density.
[22] For the front at around 0606:50 UT (3c), the increase

in Psum (second panel in Figure 3c) is pronounced. Psum

should be almost constant if the vertical current is primarily
supported by the electron pressure gradient. To explain this
discrepancy, we estimated the polarization current

Jy polar ¼ nq
@Ey=@t
WcB

; ð4Þ

whereWc is the ion gyration frequency. Since the polarization
current density is inversely proportional to the cyclotron
frequency, the main contribution to it is from ions (electrons

Table 1. Minimum Variance Analysis Results for P4/P3 Observationsa

SCb Time (UT) l1, l2, l3 R1 R2 R3

P4 0603:40 3.84, 0.25, 0.09 −0.58, −0.17, 0.79 −0.18, 0.98, 0.08 0.79, 0.09, 0.60
P3 0604:39 3.59, 0.11, 0.01 0.36, 0.55, −0.76 −0.04, −0.80, −0.60 0.93, −0.24, 0.27
P4 0606:23 9.66, 0.86, 0.03 −0.15, −0.67, −0.73 −0.33, −0.66, 0.67 0.93, −0.34, 0.12
P4 0606:50 16.65, 1.39, 0.07 −0.60, −0.46, 0.65 0.23, 0.67, 0.70 0.76, −0.58, 0.30
aTime (UT) indicates the instances of the center of positive Bz variations. MVA was performed over a variable window around the specified time.

Results with the best ratio of l2 and l3 are shown.
bName of spacecraft.
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gyrate too fast to experience a polarization drift). By using
(4) we find that the polarization current is mostly evident
from 0606:48–0606:50, which almost fills in the gap between
the current density from the Bz change and that from the
electron pressure gradient (third panel in Figure 3c).

3. Summary and Discussion

[23] Using multipoint observations from three horizon-
tally and vertically separated THEMIS probes in the pre-
midnight plasma sheet at X = −11 RE, near the onset time of
an isolated substorm, we estimated current densities in the
cross‐tail current sheet and the thin current sheet associated
with approaching dipolarization fronts. By comparing cur-
rent densities estimated from magnetic field measurements
with those derived from ion and electron distribution func-
tion moments, we identified the particles that are the main
contributors to the current at the growth phase and at the
dipolarization front.
[24] The cross‐tail current density evolution during the

growth phase increased by a factor of 3 (2–6 nA/m2) as
measured over a 1 RE vertical inner probe separation, indi-
cating sheet thinning. Earlier studies, using Cluster data,

showed an increase in cross‐tail current density from ∼2 to
∼8 nA/m2 during the growth phase [Petrukovich et al.,
2007], which is in agreement with our results. By investi-
gating plasma sheet flapping events at distances from 12 to
18 RE, Sergeev et al. [1998] reported an estimation of the
cross‐tail current density of 10–30 nA/m2 around substorm
onset. The result from Sergeev et al. [1990] (lobe field of
∼40 nT, current sheet thickness of ∼0.2 RE at distance
of ∼9 RE) also indicated a peak cross‐tail current density of
∼25 nA/m2 at the neutral sheet near the end of the substorm
growth phase, by interpreting the magnetic field variation
as a Harris sheet model. Both of these studies are in agree-
ment with our results.
[25] The good agreement between the current density

estimated from magnetic field measurements and the one
derived from particle and electric field measurements
(Figure 2l) allows us to conclude that prior to the dipolar-
ization front, both electrons and ions contributed to the cross
tail current (horizontal), with the dominant contribution com-
ing from ions. The electron pressure gradient may occa-
sionally account for up to 60% of the total current density.
We conclude that this event differs from that ofMitchell et al.
[1990], who showed that ions did not take over from thermal

Figure 3. Pressure and current density for three dipolarization fronts observed by P4: magnetic field
(XGSM, ZGSM component); perpendicular electron plasma pressure (black), magnetic pressure B2

z
2�0

(green),
and the sum of these two pressures (red); and current density from Bz change (green) and electron pressure
gradient (black, plus the polarization current in blue) within the dipolarization front.
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electrons as dominant current contributors until the late
growth phase.
[26] Observations of magnetic field and plasma moments

at the dipolarization front correspond to characteristic BBF
signatures [Angelopoulos et al., 1994]: increase in bulk
velocity and magnetic pressure and decrease in plasma
density and pressure. The MVA normal directions suggest
dawnward deflection of the dipolarization region, which is
consistent with earlier observations [Nakamura et al., 2002;
Runov et al., 2009]. Figure 4 shows the magnetic field
observations of the two pairs of probes (P4/P5, P1/P2).
Between 0605 and 0615 UT, similar front‐like variations in
Bx were detected consecutively by the P4/P5 and P1/P2
probes. From these variations, we can determine the prop-
agation direction of the vertical front and estimate its
propagation velocity, as shown in Figure 4. In this event, the
dipolarization front expanded tailward at a velocity ∼50 km/s,
accompanied by earthward flow carrying piled‐up fluxes
inward. This result is also consistent with the estimation from
variations in Bz detected by P4 and P3 successively, which
imply a tailward velocity of ∼40 km/s.
[27] The fact from our observations that the current wedge

retreats tailward from ∼11 RE to ∼15 RE at a velocity
∼50 km/s, is consistent with the reported velocity of tailward
retreat of the plasma sheet recovery [Baumjohann et al.,
1999], though a factor of two smaller than previous current
disruption observations [Jacquey et al., 1991; Ohtani et al.,
1992a, 1992b]. It is possible that the slow retreat relative to
other current disruption observations is due to the weak
nature of the substorm under study.
[28] With the arrival of the dipolarization front from the

tail, the current density in the horizontal cross‐tail current
sheet (2–6 nA/m2) decreases. As a thin boundary, the dipo-
larization front may be considered a quasi‐1D vertical current
sheet carrying significant current density. In our case, the
current density in the vertical current sheet due to the thin
dipolar structure was ∼30 nA/m2. Our analysis shows that
the dipolarization front (a jump in Bz) in this event was sup-
ported mainly by the diamagnetic current due to the strong
pressure gradient at the front. On occasion, the polarization
current (on the order of 20 nA/m2) can be as significant as

the electron pressure gradient current, even though they may
occur at different times.
[29] Nonetheless, there is still some discrepancy between

the current density estimated from the Bz jump and that
derived from particle and electric field data. The source of
errors may lie in the calculation of particle moments from
distribution functions. Despite the lack of quantitative pre-
cision, the presented case study demonstrates qualitative
agreement between current density estimates obtained from
the magnetic field and particle measurements, which pro-
vides valuable, new information on the physics of dipolar-
ization fronts. Although in our event the vertical current
sheet was mainly supported by electron diamagnetic current
due to pressure gradient, this may not be the case for other
events. Further study is needed to address the generality of
our conclusions.
[30] In closing, we note the importance of understand-

ing the interaction between incoming dipolarization fronts
and the preexisting, thin, horizontal current sheet. The
arrival of the fronts disturbs the cross‐tail current distribu-
tion, but in fact enhances the local cross‐tail current density.
The intensity of the current at the front (∼50 nA/m2) is
∼10 times larger than the horizontal cross‐tail current
(∼1 nA/m2), but the scale size (dx ∼ 0.1 RE, dz ∼ 1 RE) is
∼10 times smaller than the cross‐tail current (dx ∼ 10 RE,
dz ∼ 0.5 RE). Therefore the total vertical current (∼2 × 105 A)
is comparable to (consistent with) the total cross‐tail current
(∼2 × 105 A). The intense cross‐tail current is present at the
front to support the boundaries of the reconfigured magnetic
field. As the dipolarized magnetic flux bundle arrives, it
perturbs both the local and the global current systems. The
local current system of these plasma‐depleted flux tubes,
termed “bubbles” has been discussed by Pontius and Wolf
[1990] and Nakamura et al. [2001] and reviewed by Wolf
et al. [2006]. It entails a redirection of the cross‐tail cur-
rent sheet into the ionosphere at the dawn side and out of the
ionosphere at the dusk side. However, the observed flow
bursts therein often result in a permanent (i.e., prolonged,
lasting tens of minutes) dipolarization of the plasma sheet in
the local time sector of the observations and a significant
reduction in the tail lobe flux. Thus, while the dipolarization

Figure 4. Bx evolution for the two pairs of probes (P1/P2 and P4/P5), from which we can infer the prop-
agation velocity of the dipolarization front along the magnetotail.
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front is sharp (500 km) and kinetic in nature, the effects of flux
bundle arrival are permanent over the local time sector, as
proposed by Angelopoulos et al. [1996b] (see their Figure 17).
As the tail lobe flux is expected to be reduced by the
incoming front, due to the tail reconnection that generated it,
so is the total cross‐tail current tailward of the dipolarization
front. However, a more dramatic effect is the reduction in
the cross‐tail current across the local time sector of the di-
polarization front, because the permanent dipolarization
behind the front results in local relaxation of the cross‐tail
current. At the same time, typical plasma sheet behavior on
either side of the dipolarization front is to retain its structure,
at least initially. Thus the typical, presubstorm horizontal
current is expected to flow along the plasma sheet at local
times away from the dipolarization fronts, because tail
spacecraft do not observe dipolarization fronts or total
pressure changes unless they are within the fast flow chan-
nels. The magnetic topology at the dawn and dusk edges
of the flow burst (strong Bz inside and low Bz outside)
necessitates cross‐field currents in the earthward and tail-
ward directions respectively. These are not necessarily field
aligned. Also, the fact that the front is not evident in the
magnetic field data ahead of its arrival at a satellite suggests
that the field aligned currents do not initially extend all the
way to the ionosphere. The above discussion suggests that
the horizontal cross‐tail current is interrupted abruptly on the
side of the front and within the front, but not ahead of it or
on its sides. Thus, not only the side boundary layer current,
but also the cross‐tail current must close through/around the
flux bundle but not through the ionosphere. It is therefore
reasonable to expect that these currents will close through
the dipolarization front current. The situation is explained
pictorially in Figure 5.
[31] When the dipolarization front approaches Earth, it

encounters the strong field of the near‐Earth region, at which
point there is no demand for duskward current at the dipo-
larization front (the “front” has reached the inner edge of the

tail current and vanishes, as the flow burst flux merges with
the flux of the inner magnetosphere). The earthward/
tailward current densities at the sides of the flow burst must
therefore close into the ionosphere, with field‐aligned cur-
rents along the dawn and dusk edges of the dipolarized flux
bundle. This is the substorm current wedge in its elemental
form. In this view, dipolarization fronts are a transient cur-
rent layer carrying cross‐tail current that has been diverted
across the local time sector of the flow burst, until iono-
spheric connection takes place upon arrival of the front at
Earth.
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