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Abstract Pritchett and Coroniti (2011, https://doi.org/10.1029/2011GL047527, 2013, https://doi.org/
10.1029/2012JA018143) have predicted that the kinetic ballooning/interchange instability (BICI) can
provoke reconnection onsets that lead to detached azimuthally thin earthward intrusions (heads) of
depleted plasma tubes when 𝛽eq ⩽ 100. Such detached BICI heads would be seen as localized
earthward-propagating dipolarization fronts. Using Time History of Events and Macroscale Interactions
during Substorms observations in the plasma sheet at XGSM ≈ −11RE and conjugate All-Sky Imager and
magnetometer networks observations on the ground, we show four examples when prominent
dipolarization fronts with moderate earthward flows were observed amidst azimuthally drifting
interchange heads and concurrently with the ionospheric current intensifications near Time History of
Events and Macroscale Interactions during Substorms footprints and auroral bright spots originating from
dimmer azimuthal beads/rays. These events support the idea that some of the BICI heads detach from the
region with reversed radial gradient of BZ due to local reconnection. The detached BICI heads propagate
earthward-driving ionospheric pseudo-breakups.

Plain Language Summary The Earth's magnetotail periodically accumulates energy in
form of the magnetic flux in the tail lobes and dumps the energy as fast earthward and tailward plasma
flows, which are produced by magnetic reconnection. Yet there is no consensus on what magnetotail
processes may lead to reconnection. Examples of multiprobe space observations are used to reveal the
possible process that might be important for azimuthally localized reconnection in the tail that leads to
pseudo-breakups in aurora and local ionospheric current systems. The examples show the appearance
of earthward-propagating reconnection (dipolarization) fronts amidst azimuthally propagating clumps
of more dipolar field lines that were produced by an instability which was predicted to lead to localized
reconnection by earlier plasma computer simulations. The conjugate ground auroral and magnetic field
observations support the reconnection fronts' origin hypothesis.

1. Introduction
As multispacecraft observations have revealed (Angelopoulos et al., 2008), fast earthward and tailward
plasma flows in the Earth's magnetotail are produced by magnetic reconnection. To date, a number of ideas
have been proposed where and what processes may lead to the magnetotail reconnection (Sitnov et al., 2019).
It has been theoretically predicted (Hau et al., 1989, 1991; Hsieh & Otto, 2015; Pritchett & Coroniti, 1994,
1995) and supported by some observations (e.g., Panov & Pritchett, 2018a; Sergeev et al., 2018, and refer-
ences therein) that magnetic field minima may be formed in the transition region between the dipole and
tail fields around XGSM ≈ −11RE. In such magnetotail configurations, global reconnection is suggested to
occur due to magnetohydrodynamic “BZ-hump” instability (Birn et al., 2018; Merkin & Sitnov, 2016; Sitnov
et al., 2009, 2013) and is also seen in kinetic simulations (Pritchett, 2015; Sitnov et al., 2017).

Kinetic Particle-In-Cell (PIC) simulations of current sheets with tailward gradients of BZ , part of magne-
totail configurations with a magnetic field minimum, have revealed the growth of azimuthally confined
earthward-intruding depleted plasma tubes (heads) with field-aligned electron flows in the course of the Bal-
looning/InterChange Instability (BICI) development (Pritchett & Coroniti, 2010; Sitnov et al., 2014). Some
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of the BICI heads may detach from the region of the tailward BZ gradient in the process of azimuthally
localized reconnection (Pritchett & Coroniti, 2011, 2013). In a strongly stretched configuration where the
equatorial plasma beta 𝛽eq > 500, a global disruption of the thinned current sheet was predicted to occur
(Pritchett & Coroniti, 2011; Pritchett et al., 2014).

Both BZ-hump and BICI (with 𝛽eq >500) instabilities were successful in reproducing the basic signatures
of global earthward-propagating reconnection (dipolarization) fronts (DFs; Ohtani, 1998; Nakamura et al.,
2002; Runov et al., 2009). However, the majority of the observed DFs are only 1–3 RE wide (with 3 RE at
geosynchronous equatorial orbit according to Figure 3 in Liu et al., 2015). Pritchett et al. (2014) suggested
that separate detached BICI heads, which actually have similar azimuthal scale, could be the source of such
narrow DFs.

DFs are embedded in bursty bulk flows (Baumjohann et al., 1990) and are related with auroral intensifi-
cations in the ionosphere (Nakamura et al., 1994, 2001). During growth phase before substorm expansion,
pseudo-breakups are regularly observed and usually associated with weak magnetotail flows (McPherron
et al., 1997). In the course of a pseudo-breakup, a localized current system may be formed in the conjugate
ionosphere (Partamies et al., 2003). Some observations indicated that pseudo-breakups might be a conse-
quence of a ballooning mode development in the near-Earth plasma sheet (Baumjohann et al., 2007; Sergeev
et al., 2005). Time History of Events and Macroscale Interactions during Substorms (THEMIS) observations
(Panov, Sergeev, et al., 2012; Panov, Nakamura, et al., 2012) showed that sausage magnetic oscillations that
propagate duskward across the near-Earth plasma sheet at XGSM ≈ −11RE indeed exhibit characteristic
field-aligned electron flows and other BICI signatures predicted for neutral sheet simulations. As predicted
for charged current sheets with a finite average EZ directed toward the center of the plasma sheet, similar
magnetic oscillations drift dawnward (Panov & Pritchett, 2018a, 2018b).

Motivated by the hypothesis that azimuthally drifting BICI heads may detach and propagate earthward
due to local reconnection (Pritchett & Coroniti, 2011, 2013; Pritchett et al., 2014), we show examples of
DFs that were observed amidst identified BICI heads. We use magnetotail observations provided by the
THEMIS (Angelopoulos, 2008) probes' fluxgate magnetometers (Auster et al., 2008), electrostatic analyzers'
(McFadden et al., 2008) particle detectors, and electric field instruments (Bonnell et al., 2008) between 6:00
and 7:30 UT on 14 February 2008, between 9:20 and 10:20 UT on 15 February 2008, between 5:00 and 6:00
UT on 26 February 2009, and between 6:30 and 7:30 UT on 18 April 2009. With the help of an event-tailored
adapted model for field line mapping (Kubyshkina et al., 2011), we also show conjugate ground auroral
and magnetic field observations. Observations of the ionospheric auroral emissions and magnetic field were
provided by THEMIS All-Sky Imagers (ASI) and by a dense network of ground magnetometer arrays over
Greenland and North America (Mann et al., 2008; Mende et al., 2008; Weygand et al., 2011).

2. DF Examples
Panov and Pritchett (2018a) showed that on 15 February 2008, a BZ dip with radial size of about 2.5 Earth
radii (RE) and azimuthal size that could be as large as 10 RE was present between 09:00 and 11:00 UT in the
plasma sheet at XGSM ≈ −11 RE. BICI heads were observed at the tailward side of the dip with 𝜕BZ∕𝜕X ≈
−10 nT/RE. Figure 1 shows THEMIS probes' plasma sheet observations on 15 February 2008 between 9:20
UT and 10:20 UT. The auroral electroject (AE) index (top panel) was slowly growing on average from 200 nT
at 9:20 UT to 400 nT at 9:55 UT. A sharp jump of the Kyoto AE index to 700 nT was observed around 10:05
UT. The jump was smoother in the THEMIS AE index. The second and third panels in Figure 1 show BX and
BZ Geocentric Solar Magnetospheric (GSM) magnetic field components. Significant variations in BX and BZ
were observed at P2 (green) between 9:20 and 9:50 UT (several BICI heads are highlighted by the orange text
arrows in Figure 1). They were associated with the field-aligned ion and electron velocity variations (panels
four [ViX ] and five [VeX ] in Figure 1). The ion velocity variation amplitude (about 200 km/s) was about 20%
of the electron variation amplitude (about 1,000 km/s). Similar magnetic field variations with much smaller
amplitudes were observed by the other THEMIS probes. Around 9:55 UT, P3–P5 observed a DF (highlighted
by the blue text arrow in Figure 1) that was embedded in a bulk earthward flow. The flow was observed
mainly by P3 and P4. According to the next panel, the ratio of the total ion and electron pressure to the
magnetic field pressure (plasma 𝛽) was about 1 at the location of P2–P5 and up to 100 near the neutral plane
(cf. Figure 1 in Panov & Pritchett, 2018a). According to Panov and Pritchett (2018a), the variations in BX , BZ ,
ViX , and VeX in Figure 1 manifested BICI heads that drifted azimuthally toward dawn at a velocity of about
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Figure 1. (top) THEMIS probes' observations on 15 February 2008 between 9:20 UT and 10:20 UT: Kyoto and THEMIS
auroral electroject indices, BX and BZ Geocentric Solar Magnetospheric magnetic field components, XGSM velocity
components of ions (ViX ) and electrons (VeX ), plasma 𝛽 (see legends for color coding). (middle) Aurora snapshots from
All-Sky Imager at INUV and (bottom) snapshots of equivalent ionospheric currents (arrows) and the Spherical
Elementary Current System current amplitudes (color: upward in reddish and downward in bluish) calculated using
ground-based magnetometer array data at 9:53:30 UT, 9:54:45 UT, and 9:55:21 UT (cf. black vertical lines in the plasma
𝛽 panel). The footprints of THEMIS probes as predicted by the AM-03 model are denoted by overplotted crosses.
BICI = ballooning/interchange instability; THEMIS = Time History of Events and Macroscale Interactions during
Substorms; INUV = Inuvik.
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0.3 times the ion thermal velocity (about 200 km/s). The typical azimuthal scale of a BICI head appeared to
be about 2 RE.

The field of view (fov) of the ASI at Inuvik, NT, Canada (three black and white snapshots in Figure 1),
appeared to cover the area about 3◦ northward of the footprints of P3–P5 (blue, cyan, and magenta crosses).
The footprints of the five THEMIS probes were predicted by the AM-03 model at 1-min cadence. The size
of the crosses is 3◦ in both longitude and latitude, that is, significantly larger than the possible error due to,
for example, an underestimated current density of the thin magnetotail current sheet (not shown here). The
footprint of P2 was slightly westward from the fov western border. Between 9:20 UT and 9:50 UT, the ASI at
Inuvik observed an azimuthally oriented fence of dynamic auroral rays (highlighted by the orange arrows in
the first ASI snapshot in Figure 1 at 9:53:30 UT). The rays were significantly dimmer than the moonlight (the
brightest spot in the snapshot at 9:53:30 UT). The moonlight is also seen in the other two snapshots at 9:54:45
UT and 9:55:21 UT in the same location. The three black vertical lines in the plasma 𝛽 panel indicate times
that correspond to the three ASI snapshots. At 9:54 UT (i.e., simultaneously with the DF observations in the
plasma sheet), one of the auroral rays suddenly intensified into a large bright spot (snapshot at 9:54:45 UT)
and moved equatorward (snapshot at 9:55:21 UT; see movie with all ASI snapshots in the supplementary
material). After that, this bright spot disappeared, while dimmer rays were still observed.

We applied the 2-D Spherical Elementary Current Systems (SECSs) method (Amm & Kauristie, 2002;
Weygand et al., 2011) to the magnetometer data to investigate ionospheric currents. In this method, the
divergence-free elementary current system is expanded at each pole of the grid shown in Figure 2 of
Weygand et al. (2011), allowing derivation of horizontal equivalent ionospheric currents (EICs). Using EICs,
we calculated vertical components of the curl of EICs integrated over each grid point area. We refer to the
vertical components as SECS current amplitudes (measured in amperes). Under assumption that the gradi-
ent in the ionospheric conductance perpendicular to the electric field is zero, the SECS current amplitudes
are expected to be proportional to field-aligned currents (Amm & Kauristie, 2002). The factor of proportion-
ality between field-aligned currents and the SECS current amplitudes is the Hall-to-Pedersen conductance
ratio. The ionospheric electric current system (three color snapshots at the bottom of Figure 1 at the same
times as the ASI snapshots above; EICs shown by arrows and SECS current amplitudes by color: upward in
reddish and downward in bluish) reveals weak azimuthally oriented spots of upward/downward currents
with small westward electrojet (horizontal) current between them. The ionospheric currents significantly
intensified around the appearance time of the DF in the plasma sheet. The upward current location coin-
cided with the location of the bright spot in the ASI observations. Note that the center of the current system
was near the eastern border of the ASI fov. Therefore, we shifted the area of the EICs/SECS snapshots by
10◦ eastward in longitude for better visibility.

The next three figures show THEMIS plasma sheet observations, as well as ground ASI and ionospheric
current observations in the same format as Figure 1 on 26 February 2009 between 5:00 UT and 6:00 UT
(Figure 2), on 14 February 2008 between 6:00 UT and 7:30 UT (Figure 3), and on 18 April 2009 between
6:30 UT and 7:30 UT (Figure 4). During the three events, THEMIS probes observed signatures of BICI
heads (highlighted by orange text arrows) and DFs (highlighted by blue text arrows). On the ground, ASI
imagers observed rays or beads during BICI head signatures observations by THEMIS (left ASI snapshots
in Figures 2-4) and sudden intensification of one of the rays or beads around the DF appearance in the
plasma sheet (middle and right ASI snapshots in Figures 2-4). See captions in Figures 2-4 for ASI names.
The locations of intensified upward current spots coincided with the locations of the bright spots in the ASI
observations (bottom snapshots in Figures 2-4).

In the event on 26 February 2009 between 5:00 UT and 6:00 UT (Figure 2), the AE index (top panel) was
very small (between 10 and 70 nT). In such a relaxed magnetotail, the equatorial BZ appeared to be rather
large (about 5 nT). During this event, the oscillation amplitudes in BX were comparable to those in BZ (cf.
the second and third panels in Figure 2). This is contrasting with the previous reports on BICI heads (Panov
& Pritchett, 2018a; Panov, Sergeev, et al., 2012), where 𝛿BX was significantly larger than 𝛿BZ . However, this
is in a better agreement with the PIC simulations of BICI heads, where 𝛿BX and 𝛿BZ were predicted to be
comparable. Hence, a large value for the initial BZ field, which was chosen because of numerical constraints
in the PIC simulations, could indeed be the reason for larger 𝛿BX in the observations with smaller equatorial
BZ values, as suggested in Panov and Pritchett (2018a) and Panov, Sergeev, et al. (2012).
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Figure 2. THEMIS, ASI, and equivalent ionospheric current/Spherical Elementary Current System observations on 26
February 2009 between 5:00 UT and 6:00 UT. The figure has the same format as Figure 1. The ASI data were provided
by ASI at Rankin Inlet, NU, Canada. BICI = ballooning/interchange instability; THEMIS = Time History of Events and
Macroscale Interactions during Substorms; ASI = All-Sky Imager.
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Figure 3. THEMIS, ASI, and equivalent ionospheric current/Spherical Elementary Current System observations on 14
February 2008 between 6:00 UT and 7:30 UT. The figure has the same format as Figure 1. The ASI data were provided
by ASI at Fort Smith, NT, Canada. BICI = ballooning/interchange instability; THEMIS = Time History of Events and
Macroscale Interactions during Substorms; ASI = All-Sky Imager.
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Figure 4. THEMIS, ASI, and equivalent ionospheric current/Spherical Elementary Current System observations on 18
April 2009 between 6:30 UT and 7:30 UT. The figure has the same format as Figure 1. The ASI data were provided by
ASI at Fort Smith, NT, Canada. BICI = ballooning/interchange instability; THEMIS = Time History of Events and
Macroscale Interactions during Substorms; ASI = All-Sky Imager.
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Using a wave train observed in BX at both P3 and P4 between 5:44:00 UT and 5:48:00 UT, we found that P3
data were delayed after P4 by about 8 s. One oscillation period in the wave train was about 25 s. The major
separation between P3 and P4 was 6,677 km in the YGSM direction. The resulting propagation velocity of the
wave train from P4 to P3 (dawnward) was about 6,677 km/8 s≈ 835 km/s. This value is between 1.2 and 1.7 of
the thermal ion velocity (between 500 and 700 km/s). The BICI head size was about 1.6 RE, which is close to
the size of a typical BICI head on 15 February 2008 between 09:00 and 11:00 UT (Panov & Pritchett, 2018a).
This is in agreement with the fact that the ASI imagers observed bright spots of similar sizes in the events
in Figures 1 and 2 since the size of the auroral bright spot is expected to be dependent on the azimuthal size
of the DF. Similar to the event in Figure 1, the plasma 𝛽 did not exceed ≈100 near the neutral plane.

Figure 3 shows an example of a broader DF that was observed by azimuthally separated probes P3–P5 around
7:10 UT and coincided with the appearance of an azimuthally broader bright spot and current system in the
ionosphere near P3–P5 footprints. Note that signatures of other (narrower) DFs (indicated by blue arrows
in the BZ panel in Figure 3) were observed also at 6:08 UT by P5 and at 6:30 UT by P1–P4. Using a wave
train observed in BX at P3 and P4 between 6:12 UT and 6:21 UT, we found that P4 data were delayed after
P3 by about 8 s. One oscillation period in the wave train was about 55 s. The major separation between P3
and P4 was 5,699 km in the YGSM direction. The resulting propagation velocity of the wave train from P3 to
P4 (duskward) was about 5,699 km/8 s ≈ 712 km/s. This value was about 1.2 times the thermal ion velocity
(about 600 km/s). The BICI head size (scale of the half period of the wave train) was about 3 RE. The plasma
𝛽 was around 100 near the neutral plane (cf. plasma 𝛽 at P3 around 6:10 UT when BX was about zero). In the
ASI snapshot in Figure 3 at 7:04:00 UT (at the time of the BICI head signatures observation in the plasma
sheet), there were observed azimuthally separated beads between the footprints of P5 and P3/P4. Two other
ASI snapshots in Figure 3 (around the time of the DF observation by P3–P5 in the plasma sheet) revealed an
azimuthally broad bright spot in the location of the former beads. The bright spot location coincided with
the location of the upward (reddish) current revealed by the SECS snapshots (bottom row in Figure 3). The
brightest part of the upward current spot extended further eastward beyond the ASI's fov. We shifted the
area of the SECS snapshots in Figure 3 by 10◦ eastward for better visibility. Such ASI and SECS observations
suggest that the DF was formed by simultaneous detachment of several BICI heads.

Figure 4 shows an example in which signatures of the BICI heads in THEMIS observations were followed by
a series of DFs (cf. orange and blue text arrows). The first DF was detected between 6:58 UT and 7:02 UT as
a dip that was followed by a growth in BZ (third panel in Figure 4) and an earthward flow of up to 140 km/s
at P4 (fourth panel in Figure 4). Several more DFs and faster flows (up to 250 km/s) were observed by P2–P5
between 7:05 UT and 7:13 UT. Using a wave train observed in BX at P3 and P4 between 6:45 UT and 7:00
UT, we found that P4 data were delayed after P3 by about 22 s. One oscillation period in the wave train was
about 100 s. The major separation between P3 and P4 was 4,226 km in the YGSM direction. The resulting
propagation velocity of the wave train from P3 to P4 (duskward) was about 4,226 km/22 s ≈ 192 km/s.
This value was about 0.3 times the thermal ion velocity (about 600 km/s). The BICI head size (scale of the
half period of the wave train) was about 1.5 RE. Probes P3 and P4 were located at different hemispheres.
This allowed to directly observe the sausage magnetic field oscillations, which is another signature of BICI
heads (seen as antiphase BX oscillations on the two sides from the neutral sheet [close to BX = 0] at P3 and
P4; similar observations were reported in Panov, Nakamura, et al., 2012). During this event, the equatorial
plasma 𝛽 was larger than in the other events, reaching values up to several hundreds (cf. plasma 𝛽 at P3 and
P4 between 6:35 UT and 6:50 UT). According to P3 BX and plasma 𝛽, after 7:10 UT, the equatorial plasma
𝛽 decreased to 10. In the ASI snapshot in Figure 4 at 6:53:42 UT (at the time of the BICI head signatures
observation in the plasma sheet), there were observed azimuthally separated beads near the footprints of
P3–P5. Two other ASI snapshots in Figure 4 (around the time of the first DF observation by P3–P5 in the
plasma sheet at 6:58 UT) revealed a bright spot in the location of one of the former beads. The bright spot
location coincided with the location of the upward (reddish) current revealed by the SECS snapshots (bottom
row in Figure 4). Both the bright spot and the SECS upward current amplitude decreased after the DF. Note
that similar bright spots were observed in slightly different locations together with the appearance of other
DFs between 7:05 UT and 7:13 UT (cf. the video with all ASI snapshots between 6:30 UT and 7:30 UT in
the supplementary materials). Such ASI and SECS observations suggest that several DFs were formed by a
series of sequentially detached BICI heads. In this case the ionospheric response was similar to the response
during oscillatory flow braking (Panov et al., 2016), when every subsequent earthward flow was a result of
multiple overshoot and rebound of the original fast flow.
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Figure 5. Magnetic field lines according to the AM-03 model shown in the noon meridian Geocentric Solar
Magnetospheric plane on 14 February 2008 at 7:06 UT (top left), on 15 February 2008 at 9:03 UT (bottom left), on 26
February 2009 at 5:36 UT (top right), and on 18 April 2009 at 6:36 UT (bottom right). The red crosses denote Time
History of Events and Macroscale Interactions during Substorms probes locations whose magnetic field data were used
in the model. The area where 𝜕BZ∕𝜕X changes sign around BZ mimimum is indicated by the blue dashed rectangles.

Two of the above examples of BICI heads showed duskward propagation (Figures 3 and 4), which is the sig-
nature of charge neutral current sheet (see Pritchett & Coroniti, 2010, 2013, for PIC simulations and Panov,
Sergeev, et al., 2012, for comparison with in situ observations). In contrast, Figures 1 and 2 showed dawn-
ward propagation of the magnetotail structures with BICI heads signatures. The dawnward propagation of
BICI heads was predicted (Nishimura et al., 2016) and advocated to occur (Panov & Pritchett, 2018a) in the
plasma sheet with a thin negatively charged current layer (Pritchett & Coroniti, 1994, 1995).

In both neutral and charged sheet cases, the necessary condition for BICI head generation was tailward
gradient of the equatorial BZ in the plasma sheet. Figure 5 shows the magnetic field lines according to the
AM-03 model in the noon meridian GSM plane on 14 February 2008 at 7:06 UT (top left), on 15 February
2008 at 9:03 UT (bottom left), on 26 February 2009 at 5:36 UT (top right), and on 18 April 2009 at 6:36 UT
(bottom right). The red crosses denote THEMIS probes' locations whose magnetic field data were used in
the AM-03 model. The magnetotail structure in all four snapshots of Figure 5 indeed reveals magnetotail
regions with a reversed BZ gradient (the area where 𝜕BZ∕𝜕X changes sign around BZ minima is indicated
by the blue dashed rectangles). These regions were found at −25 RE < XGSM < −10 RE downtail, with the
strongest gradients expected in the transition region between the Earth's dipole field lines and the stretched
field lines of the magnetotail, that is, around 10 RE downtail.

The three assumptions, (i) on the current sheet charging, (ii) on the number of simultaneous BICI head
detachments at different azimuthal locations, and (iii) on whether several detachments occurred sequen-
tially, are in line with the “detached BICI head” hypothesis. The hypothesis explains the dynamics of
the near-Earth plasma sheet in the course of the BICI development and the ionospheric response in the
present events.
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In at least 100 events, two THEMIS probes observed BICI head signatures similar to those in Figures 1-4 dur-
ing the first five magnetotail seasons. This occurrence rate would be comparable with the known occurrence
rates for DFs (e.g., Schmid et al., 2011). The total observational time for each of these events is signifi-
cantly longer than for DFs, because the typical crossing time of a DF is about the crossing time of one BICI
head. Most of time BICI heads occurred either prior to substorms (Panov, Sergeev, et al., 2012) or without
a substorm (present study). The present observations suggest that BICI heads may be as significant in the
earthward transport of magnetic flux and plasma as rapid flux transport by the DFs (e.g., Angelopoulos et al.,
1996) and play a role in initiating rapid flux transport events.

3. Conclusions
Using THEMIS observations in the plasma sheet and conjugate ASI and magnetometer networks obser-
vations on the ground, we showed examples of prominent DFs with moderate earthward flows that were
observed amidst azimuthally drifting interchange heads at XGSM ≈ −11 RE. The conjugate ground obser-
vations revealed ionospheric current intensifications and growth of auroral bright spots out of dimmer
azimuthal beads/rays near THEMIS footprints. The DFs can be interpreted as separate BICI heads that
detached from the region with reversed radial gradient of BZ and propagated earthward-driving ionospheric
pseudo-breakups.
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