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Abstract Pseudo-breakup events are thought to be generated by the same physical processes as substorms.
This paper reports on the cross-tail current reduction in an isolated pseudo-breakup observed by three of
the THEMIS probes (THEMIS A (THA), THEMIS D (THD), and THEMIS E (THE)) on 22 March 2010. During this
pseudo-breakup, several localized auroral intensifications were seen by ground-based observatories. Using the
unique spatial configuration of the three THEMIS probes, we have estimated the inertial and diamagnetic
currents in the near-Earth plasma sheet associated with flow braking and diversion. We found the diamagnetic
current to be the major contributor to the current reduction in this pseudo-breakup event. During flow braking,
the plasma pressure was reinforced, and a weak electrojet and an auroral intensification appeared. After flow
braking/diversion, the electrojet was enhanced, and a new auroral intensification was seen. The peak current
intensity of the electrojet estimated from ground-based magnetometers, ~0.7×105 A, was about 1 order of
magnitude lower than that in a typical substorm. We suggest that this pseudo-breakup event involved two
dynamical processes: a current-reduction associated with plasma compression ahead of the earthward flow
and a current-disruption related to the flow braking/diversion. Both processes are closely connected to the
fundamental interaction between fast flows, the near-Earth ambient plasma, and the magnetic field.

1. Introduction

A substorm is one of the most important energy transfer and release processes in Geospace. Although the
substorm expansion phase onset has been studied for decades, its trigger mechanism (e.g., cross-tail current
disruption or magnetotail reconnection (MR)) remains controversial [Baker et al., 1996; Lui, 1996]. Greater
understanding of both cross-tail current disruption and magnetotail reconnection is needed to resolve this
controversy [Ohtani, 2001; Cao et al., 2008; Pu et al., 2010]. In this paper, we seek to better understand the
processes leading to cross-tail current disruption.

Twomodels have been used to describe the causes of current disruption. In the near-Earth current disruption
model [Lui et al., 1992], it is suggested that current disruption is caused by plasma instabilities such as the
cross-field current instability and the ballooning instability [Roux et al., 1991]. The near-Earth neutral line
(NENL) model gives a more complex explanation of current disruption. Fast earthward flow carryingmagnetic
flux ejected from the MR site is decelerated as it approaches Earth, causing a flux pileup and a magnetic
dipolarization in the transition region [Ohtani, 2001; Nakamura and Khotyaintsev, 2009]. Flow braking leads
to an inertial current that may contribute to current disruption [Shiokawa et al., 1997]. However, the amount
of inertial current is generally about 7 × 104 A, as suggested by Shiokawa et al. [1997]. This is insufficient
to account for the amount of current disruption required for a substorm, which should be about 106 A
[McPherron et al., 1973]. Flow braking also leads to pressure gradient enhancements preceding earthward
flows. These pressure gradients require the generation of field-aligned currents (FACs), which have been
simulated and observed [Birn et al., 1999; Yang et al., 2011; Xing et al., 2012; Yao et al., 2012, 2013a; Liu et al.,
2013b]. Such field-aligned currents require reduction of the cross-tail current to conserve current continuity.
Pressure gradient enhancements may also provide a free-energy source for exciting the drift ballooning-
mode instability, which may also cause cross-tail current diversion [Pu et al., 1999]. These processes in the
NENL model may occur simultaneously, and it is difficult to distinguish the role of each in causing current
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disruption. During substorm expansion, strong current disruption is essential to the formation of the substorm
current wedge (SCW) [Kepko et al., 2009; Sergeev et al., 2014]. Weaker current disruption, on the other hand,
is associated with pseudo-breakup events [Koskinen et al., 1993; Partamies et al., 2003].

Although similar to a substorm expansion phase onset, the disturbance in a pseudo-breakup event has amplitude
below some subjective limit [Rostoker, 1998]. Pseudo-breakup events are suggested to be associated with
disturbances within the plasma sheet that do not lead to large-scale topological changes in themagnetosphere
[Pulkkinen et al., 1998]. Auroras related to pseudo-breakup events are locally intensified but do not expand
poleward. Pseudo-breakup events occur not only during the growth phase of substorms but also as isolated
events during quiet times and at the end of substorm recovery [Kullen et al., 2010]. Rostoker [1998] argued that
disturbances in a pseudo-breakup event and in a full-scale substorm onset are caused by the same physical
process. Whether a pseudo-breakup event or a substorm occurrence is ultimately controlled by the amount
of solar wind energy transferred into the magnetosphere [Kullen et al., 2010]. Ohtani et al. [2002] suggested
that although fast flow localized in the Y direction may transport insufficient energy to cause a full-scale
substorm, it may transport sufficient energy to cause a pseudo-breakup. How current disruption occurs in a
pseudo-breakup event is still unclear, however.

In this paper, we report a pseudo-breakup event with the observations from three identically instrumented
THEMIS probes (THEMIS A (THA), THEMIS D (THD), and THEMIS E (THE)) and ground-basedmagnetometer arrays
on 22 March 2010. The probes were located in approximately the same YZ plane in GSM coordinate; THA and
THE were separated mainly in the Z direction. The Z separation of THA and THE provided us with an opportunity
to investigate the cross-tail current reduction/disruption during the event. To compare ground observations
with observations in the magnetotail, we examined the signatures of the electrojet in the ionosphere, which
can be calculated from ground-basedmagnetometermeasurements [Kamide and Brekke, 1975; Chu et al., 2014].
In section 2.1, we introduce the methodology used to obtain the cross-tail current evolution from in situ
observations using MHD theory and Ampere’s law. In sections 2.2 and 2.3, we present THEMIS ground-based
and in situ observations. Our discussion and summary are in sections 3 and 4, respectively.

2. Observations

Here we report on a pseudo-breakup event which happened on 22 March 2010 using conjugate
measurements from THEMIS probe instruments, All-Sky Imagers (ASIs) [Mende et al., 2008], and the
Canadian Array for Realtime Investigations of Magnetic Activity (CARISMA) ground magnetometers [Mann et al.,
2008]. At 06:40 UT, THA, THD, and THE were located at (�11.04, �2.84, �0.58) RE, (�11.06, �2.94, �0.01) RE,
and (�11.02, �2.79, �0.08) RE, respectively, in GSM coordinates. Using the advantageous spatial separation
of these probes, which were located approximately within the same GSM YZ plane, we estimate the pressure
gradient in both the GSM Y and Z directions and infer the evolution of the perpendicular current, Jy, to
understand the evolution of the cross-tail current disruption using the method described by Palin et al. [2012].

Figure 1 shows an overview of THEMIS THA, THD, and THE observations during the relevant 30min period on
22 March 2010 fast flow event. Figure 1 (top to bottom) we plot the magnetic field, bulk velocity, and plasma
pressure measured by three satellites. In this study, we mainly focus on the current evolution ahead of fast
earthward flow from ~06:35 to 06:37 UT, as indicated by the pink rectangle shadow. The magnetic field Bz
component dramatically increased at ~06:37 UT, indicating the onset of magnetic dipolarization or the passage
of the dipolarization front. The plasma pressure was observed to increase during this time period, which
suggests the plasma was compressed ahead of fast flow. During this time period, the Bx component is the
dominant component of the magnetic field observed by the three satellites.

2.1. Methodology
2.1.1. Two-Dimensional Pressure Gradient Estimation
Assuming that the plasma pressure varies linearly with a constant two-dimensional gradient, (∇y P,∇z P), within
the THA, THD, and THE projections in the YZ plane,

Pthd � Ptha ≈ ∇yP � Y thd � Y thað Þ þ ∇zP � Zthd � Zthað Þ
Pthe � Ptha ≈ ∇yP � Y the � Y thað Þ þ ∇zP � Zthe � Zthað Þ
Pthe � Pthd ≈ ∇yP � Y the � Y thdð Þ þ ∇zP � Zthe � Zthdð Þ

(1)

where Ythx and Zthx are the Y and Z components of the locations of THX satellite, and Ptha, Pthd, and Pthe are
the scalar plasma pressures measured by the three probes. The two-dimensional pressure gradient can be
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obtained by solving equation (1). The method to obtain two-dimensional pressure gradient is similar as
calculating the magnetic gradient using the curlometer technique [Dunlop et al., 1988] but has been
simplified to two dimensions.
2.1.2. Perpendicular Current From Magnetohydrodynamics Theory
The perpendicular current derived from MHD momentum equation in a one-fluid frame is

J⊥ ¼ B
⇀

B2
�ρ

d u⇀

dt
þ B

⇀

B2
�∇P (2)

where ρ represents the mass density, u⇀ is the bulk velocity, P represents the plasma pressure, and J
⇀
and

B
⇀
represent the current density and magnetic field vectors, respectively. The first term on the right-hand

side (RHS), usually known as the inertial term, is associated with the flow acceleration/deceleration.
As we can see from the highlighted pink rectangle in Figure 1, the bulk velocity observed by all three
probes is very small; we can thus ignore the inertial term in the region before the arrival of the fast flow.
We will present further discussion about the inertial current associated with the flow arrival in section 3.

Figure 1. THEMIS A, D, and E observations between 06:20 and 06:50 UT on 22 March 2010. (the top to bottom) Magnetic
field and bulk velocity of THA, THD, and THE, and plasma thermal pressure for the three probes.
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The second term on the RHS of equation (2), which indicates the current associated with the pressure
gradient, can be rewritten as

J
⇀

⊥y ≈
B
⇀ �∇P

B2

 !
y

¼ �Bx ∇Pð Þz
B2

þ Bz ∇Pð Þx
B2

(3)

The second term on the RHS of equation (3), i.e., Bz ∇Pð Þx
B2

is difficult to estimate in our study, because the pressure

gradient in X direction is hard to obtain. However, since Bx>> Bz and the scale length in X direction is likely to be

significantly larger than that in the Z direction, Bz ∇Pð Þx
B2

should be much smaller than the first term on the RHS of

equation (3).

In the two-fluid frame, ∇P=∇(Pi+ Pe), so the first term in equation (3) can be rewritten as

J
⇀

⊥y ¼ �Bx ∇Pið Þz
B2

� Bx ∇Peð Þz
B2

(4)

The two terms on the RHS of equation (4) represent the currents contributed by the ion and electron pressure
gradients, respectively. In our calculation we use the average Bx between the two probes. The pressure
gradient in the Z direction is obtained from equation (1), and we can calculate the current contributed by ions
and electrons, respectively, using equation (4). The THEMIS electrostatic analyzer (ESA) [McFadden et al., 2008]
and solid state telescope (SST) particle detectors [Angelopoulos, 2008] are used to make the plasma
pressure calculations.
2.1.3. Current Estimation Using Ampere’s Law
We can directly calculate the current in the Y direction using Ampere’s law. As suggested by Lui [2011], the

magnetic field profileB
⇀

obs can be represented by the combination of a magnetic dipoleB
⇀

dip and the magnetic

field of a two-dimensional current sheet B
⇀

cs , i.e., B
⇀

obs ¼ B
⇀

dip þ B
⇀

cs .

The embedded current density between THA and THE is given by

μ0J ¼ ∇� B
⇀ ¼ ∇� B

⇀

cs þ B
⇀

dip

� �
¼ ∇�B

⇀

cs (5)

The zero current density from dipole magnetic field integration is applied in equation (5). Thus,

Jy ¼ 1
μ0

∂Bx
∂z

� ∂Bz
∂x

� �
∼

1
μ0

∂Bx
∂z

(6)

As suggested by Lui [2011], we ignored ∂Bz
∂x in the derivation of equation (6). The current density given by

equation (6) is reliable only when the magnetic field Bx is dominant between THA and THE. For the event

presented in this paper, equation (6) can be applied before flow arrival. In our study, ∂Bx∂z is obtained from the

measurements of THA and THE, which were separated mainly in the Z direction.

2.2. Ground-Based Observations

Figure 2 shows the auroral data and the geomagnetic field variation at the Rankin Inlet (RANK) station (at
(335.7°, 72.4°) in geomagnetic coordinates). The UT time at local magnetic midnight at the station RANK is
06:25, which is in the postmidnight, but very close to the midnight meridian during the relevant observation
period. We identified three independent auroral intensifications at ~06:30, ~06:32, and ~06:39 UT, as indicated
by the blue arrows in Figure 2c (see also the auroral sequences in the supporting information). The variation
in auroral brightness in Figure 2c is obtained by summing the total intensity in the region of interest and
removing the background by subtracting the minimum total intensity between 06:00 and 06:50 UT.
The H component of the magnetic field decreased from ~40 nT at ~06:34 UT to ~�30 nT at ~06:44 UT.
The electrojet estimated using an inversion technique for a current wedge is presented in Figure 2d.
This technique takes ground magnetometer data as input and outputs optimal current system parameters,
such as location and intensity [Chu et al., 2014]. The estimated electrojet reached a peak of ~0.07 MA at
around 06:44UT. During this localized auroral expansion event, aurora activity was detected by Fort Smith
(FSMI), Fort Simpson (FSIM), and RANK; observations at Snap Lake (SNAP) would also appear optimal to
capture this aurora brightening, but data were not available for SNAP during this time. The main auroral
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intensifications were recorded by RANK. The reconstructed electrojet suggests that an equivalent current
of ~105 A was flowing in the ionosphere above the RANK station at around 06:44 UT. We note that the
electrojet is much weaker than in a typical substorm, which suggests that the event is a pseudo-breakup.

2.3. In Situ Observations

Figures 3a and 3b shows the pressure gradient in the YZ plane; the smoothed data (black lines) are obtained
with a 30 s average window from the original data (red lines). The vertical blue line indicates the initiation
of flow in the Y direction, usually considered as the consequence of flow braking and diversion, at ~06:31UT.
A slight decrease in the pressure gradient in the Z direction, likely related to a local and weak current
reduction, was observed. We suggest that this weak current reductionmight relate to the auroral intensification
at ~06:32UT, as indicated by the second blue arrow in Figure 2c. Figure 3c presents the current associated
with the pressure gradient in Z direction, as described by equation (4). The blue and green lines represent the
contributions from electrons and ions, respectively; the red line shows the total current. Here we have not

included the contribution from Bz ∇Pð Þx
B2

, considering that the current associated with Bz ∇Pð Þx
B2

is much smaller than

the current associated with �Bx ∇Pð Þz
B2

, as discussed in section 2.1.2.
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Figure 2. (a–d) Auroral keogram, magnetometer data, and the derived electrojet current from the RANK station during the
06:45 UT event on 22 March 2010.
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From 06:35 to 06:37 UT, the average current density Jy derived from the force-balance assumption decreases
from ~2nA/m2 to almost 0, as shown in Figure 3c. In Figures 3c and 3d, we only plot the derived current before
06:37 UT, because our assumptions used in equations (4) and (6) are not valid after the flowarrival andmagnetic
dipolarization. Clearly, the reduced currents from 06:35 to 06:37 UT are mainly carried by ions. The average
current Jy given by Ampere’s law decreased from ~2.5 nA/m2 to almost 0, as indicated in Figure 3d. From 06:37

to 06:43 UT, (∇P)z fluctuated rapidly, accompanied by magnetic and electric field oscillations, which are
accepted features of the cross-tail current disruption process [Mcpherron et al., 1973; Lui et al., 1996]. Meanwhile,
(∇P)y was enhanced, which, according to the Vasyliunas equation [Vasyliunas, 1970, equation (6)] and previous
studies [Yao et al., 2012, 2014; Xing et al., 2009], indicates field-aligned current formation. After 06:43UT, the
magnetic field presented in Figure 1 was dipolarized, and the pressure gradient remained small, which imply a
current sheet reconfiguration. Figures 4c and 4d show the X and Y components of both the observed electric
field and the convection electric field (�V× B) in despun spacecraft coordinates (DSL) [Bonnell et al., 2008].
Considering that the observed electric field is not reliable in Z direction in DSL coordinates, we present this data
in the DSL coordinate system in order to avoid a coordinate transformation which assumes E · B= 0, as adopted
in many previous studies [Lui et al., 1999; Runov et al., 2011]. Before 06:40 UT, the observed EX and EY are

consistent with the convection electric field. Current density Jy variations given by Ampere’s law and MHD
theory are consistent during the current reduction, as shown in Figures 3c and 3d. It is noteworthy that the
components of the convection electric field (�V× B) are not closely consistent with those of the electric field
observed in DSL coordinates after 06:38UT, when the flow braked and diverted. In this study, the flow diversion
process that is defined as the dawn-dusk flow was observed or accompanied after the earthward flow.

Fast earthward flow (~400km/s) was observed immediately after the pressure gradient disappeared (at ~06:37UT).
We suggest that this disappearance was caused by the compressional process ahead of the earthward flow
because the plasma pressure increased during compression, as shown in Figure 1 (bottom). About 2min after
the pressure gradient vanished, which implied a reduction in the cross-tail current, an auroral intensification
was observed as indicated by the third blue arrow in Figure 2c. The constructed electrojet was dramatically
enhanced for the third auroral intensification, as shown in Figure 2d.

Jy

reduction

0620 0630 0640 0650

a

b

c

d

Figure 3. (a and b) The plasma pressure gradients in Y and Z direction. (c) The current derived from two-fluid MHD equation.
The blue and green lines represent the current contributed by electrons and ions respectively; the red line is the total current.
(d) The current derived from the Ampere’s law.
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3. Discussion

In our study, we have ignored the inertial current in the compressional region before the arrival of flow.
As we mentioned in section 2.1.3, the deceleration of the flow may also contribute to cross-tail current
reduction [Shiokawa et al., 1997]. Before the arrival of earthward fast flow, i.e., ~06:37 UT, the inertial
current should be negligible. Meanwhile, the intensity of the inertial current associated with flow deceleration
can be estimated, as shown by Kepko et al. [2001]

Iinertial ≅ �1
4
B�1ps ρpsV

2
x l (7)

where the subscript ps refers to the plasma sheet, ρ is the mass density, and l stands for the scale height
(in Z direction) of braking. Applying the measured values from THA, which was located near the central
plasma sheet (B~ 7 nT, n~ 0.3 cm� 3, Vx ~ 400 km/s and l ~ 1 RE), we find Iinertial≈ 0.18 × 105A. The current
density associated with pressure gradient reduction was about 2 nA/m2. Assuming that the scale length
of braking flow is ~1 RE in both the X and Z directions, the total diverted current is about 0.7 × 105 A, very close
to the estimated electrojet based on the ground-based magnetometer measurements and about half an
order of magnitude higher than Iinertial. In summary, the pressure gradient vanishing is caused by flow
braking, which is the main contributor to the current reduction in this pseudo-breakup event. The consistency
between the diamagnetic current and the current derived from Ampere’s law also confirms that the
diamagnetic current dominates the current reduction process.

Three auroral intensifications were identified in this event. The second and third intensifications appear
to be related to the two local current reduction at ~06:31 and 06:37 UT. The time delay between in situ
observations and auroral intensifications is 1–2min, consistent with those found in many previous studies
[Keiling et al., 2009; Lui et al., 2010]. In this paper, we mainly concentrate on the third auroral intensification,
during which two different processes could be identified, i.e., a compressional process before the arrival of the
earthward fast flow and a flow braking/diversion process with frozen-in condition breakdown. For the flow
braking/diversion process, it is shown that a larger duskward pressure gradient was formed, which corresponds
to the occurrence of an upward FAC according to Vasyliunas equation. Since the observed flow was earthward

DSL

a

b

c

d

a

b

c

d

Figure 4. (a) Magnetic field components in GSM coordinates. (b) Bulk velocity components in GSM coordinate. (c and d) X and
Y components of observed electric field and the convection electric field in DSL coordinates. Left (right) panels show the
observations from THA (THE).
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and duskward, we suggest that the
probes were located at the duskward
side of the flow. The duskward pressure
gradient on the duskward side of the
flow is consistent with the substorm
current wedgelet formation process
proposed by Yao et al. [2012].

Near-Earth cross-tail current disruption
processes are usually considered to
be examples of nonfrozen-in plasma
behavior [Lui et al., 1999; Lui, 2011]. In the
~06:39 UT intensification of this pseudo-
breakup event, the cross-tail current
density, which was obtained from
force-balance theory, was observed to
be disrupted ahead of an earthward
flow. Cross-tail current reductions are
contributed mostly by ions, the carriers
of cross-tail current [Mitchell et al.,
1990]. The current reduction was
followed by magnetic fluctuations and
dipolarization, which are also known
signatures of current disruption.

The electrojet in the third intensification is ~105 A, an order of magnitude smaller than that in a typical
substorm, i.e., ~106 A [McPherron et al., 1973; Kamide and Baumjohann, 1985]. The current disruption started
at the leading edge of the flow, as a sharp dipolarization front (DF) with a magnetic dip ahead of the front
layer. Themagnetic dip current, which is of Region 2 sense, has been studied recently [Liu et al., 2013a, 2013b;
Yao et al., 2013b; Sun et al., 2013]. Those studies presented the FAC features ahead of the DF, while this
paper has studied the cross-tail current density evolution ahead of earthward flow.

Figure 5 illustrates the compressional process that we believe caused the current reduction related to the third
auroral intensification. The dashed red and blue lines indicate trajectories of THE and THA relative to the DF.
Before the arrival of the earthward flow, the current sheet was Harris-like (corresponded to a inward plasma
pressure gradient on both sides). The plasma pressure at THE and THA was enhanced by the compressional
process at the arrival of the DF and the related flow; the imbalanced (“nonuniform”) compression at THE and
THA resulted in decrease/disappearance of the Z component of the plasma pressure gradient. Figure 5b shows
pressure variations with time at THA and THE. It is noteworthy that the DF observed at THE preceded that
observed at THA (Figure 5c) by several seconds, which is also consistent with the picture presented in the
cartoon. The nonuniform compressional effect ahead of the DF between the plasma sheet boundary layer
and the central plasma sheet may be caused by an ion DF-reflection process, which has been reported
recently in observations and particle simulations [Zhou et al., 2012a, 2012b].

4. Summary

As a fundamental dynamic process in the magnetotail, the interaction between near-Earth fast flows and
the ambient plasma has been considered to be an important factor for FAC formation associated with the
SCW [Forsyth et al., 2008; Yao et al., 2012; Birn et al., 2013]. This paper presents observations of a cross-tail
current reduction process in the near-Earth magnetotail on 22 March 2010, which was followed by magnetic
fluctuations, suggesting a current disruption occurring as part of a pseudo-breakup event. Auroral
intensifications were recorded by THEMIS ASI at the RANK station at ~06:30, ~06:32, and ~06:39 UT. Our study
focuses on the third intensification which was more intense than the other two. The estimated electrojet
from the ground-based magnetometers is about 105 A, an order of magnitude smaller than that of a typical
substorm. Two dynamical processes related to interaction of earthward flows with the near-Earth plasma
sheet were involved in development of the pseudo-breakup. The first was nonuniform compression ahead of

Figure 5. (a) Illustration of the current reduction process ahead of the DF.
(b) Schematic description of plasma pressure variations in the inner plasma
sheet and outer plasma sheet, based on the measurements at THA and THE.
(c) The magnetic field observed by THA and THE.
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the flow, which led to a local current reduction at ~06:37 UT. The second was flow diversion after the
dipolarization front passed over, which yielded the azimuthal pressure gradient at ~06:41 UT and led to the
formation and enhancement of FACs [Vasyliunas, 1970]. The peak current density of the inferred electrojet
occurred at ~06:43 UT, accompanied by the major auroral intensification, which is likely to be associated with
the enhancement of the azimuthal pressure gradient in the magnetotail ~2 min earlier, i.e., ~06:41 UT.
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Erratum
In the originally published version of this article, the color in Figure 1 is not correct. The error has been corrected,
and this version may be considered the authoritative version of record.
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