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Abstract Three‐dimensional global hybrid simulations and observations have shown that earthward‐
moving flux ropes (FRs) can undergo magnetic reconnection (or re‐reconnection) with the near‐Earth
dipole field to create dipolarization front (DF)‐like signatures that are immediately preceded by brief
intervals of negative BZ. The simultaneous erosion of the southward BZ field at the leading edge of the FR
and continuous reconnection of lobe magnetic flux at the X‐line tailward of the FR result in the
asymmetric south‐north BZ signature in many earthward‐moving FRs and possibly DFs with negative BZ
dips prior to their observation. In this study, we analyzed Magnetospheric MultiScale (MMS) observation
of fields and plasma signatures associated with the encounter of an ion diffusion region ahead of an
earthward‐moving FR on 3 August 2017. The signatures of this re‐reconnection event were (i) +/− BZ
reversal, (ii) −/+ bipolar‐type quadrupolar Hall magnetic fields, (iii) northward super‐Alfvénic electron
outflow jet of ~1,000–1,500 km/s, (iv) Hall electric field of ~15mV/m, (v) intense currents of ~40–100 nA/m2,
and (vi) J·E′ ~0.11 nW/m3. Our analysis suggests that the MMS spacecraft encounters the ion and
electron diffusion regions but misses the X‐line. Our results are in good agreement with particle‐in‐cell
simulations of Lu et al. (2016, https://doi.org/10.1002/2016JA022815). We computed a dimensionless
reconnection rate of ~0.09 for this re‐reconnection event and through modeling, estimating that the FR
would fully dissipate by −16.58 RE. We demonstrated pertubations in the high‐latitude ionospheric
currents at the same time of the dissipation of earthward‐moving FRs using ground‐ and space‐
based measurements.

1. Introduction

Flux ropes are helical flux tubes with strong core fields formed in many regions of planetary magneto-
spheres, such as the magnetotail current sheet (see reviews by Eastwood & Kiehas, 2015; Hesse &
Kivelson, 1998). Mechanisms for the formation of magnetic flux ropes include multiple X‐line reconnection
in electron current layers (e.g., Daughton et al., 2006; Huang et al., 2016; R. S. Wang et al., 2010; R. Wang
et al., 2010) and Kelvin‐Helmholtz instability (e.g., Huang et al., 2015). As magnetic reconnection proceeds,
the dominant reconnection X‐line with the highest reconnection rate will begin to reconnect open lobe field
lines, resulting in higher super‐Alfvénic outflow speed, before other adjacent X‐lines with lower reconnec-
tion rates. Flux ropes formed earthward (tailward) of this dominant X‐line will then be driven toward (away)
the Earth by the magnetic tension (pressure gradient) force of the newly reconnected field lines (Eastwood
et al., 2005; Slavin, Lepping, Gjerloev, Fairfield, et al., 2003; Slavin et al., 2005).

Both earthward and tailward propagating flux ropes were commonly observed in the magnetotail by Geotail
(Ieda et al., 1998; Slavin, Lepping, Gjerloev, Fairfield, et al., 2003), Time History of Events and Macroscale
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Interactions during Substorms (THEMIS; Hietala et al., 2014; Imber et al., 2011), Cluster (Slavin, Lepping,
Gjerloev, Goldstein, et al., 2003; Wang et al., 2016; Zong et al., 2004), and more recently by
Magnetospheric MultiScale (e.g., Stawarz et al., 2018). These flux ropes were observed at downstream dis-
tances greater than XGSM ~ −15 RE, and they had diameters ranging from the ion or subion gyroradius scale
to tens of RE. Flux ropes are identified by their bipolar signature in BZ with an enhancement in BY when the
spacecraft trajectory passes close to the central axis and samples the core field. Plasma measurements show
that these flux ropes with−/+ (+/−) BZ variations travel earthward (tailward), with speeds of ~102–103 km/s
(Ieda et al., 1998; Slavin, Lepping, Gjerloev, Fairfield, et al., 2003). The north‐south dimensions of these flux
ropes were estimated to be much greater than the plasma sheet thickness from the traveling compression
regions that are generated in the tail lobes (Slavin et al., 1993).

Dipolarization fronts (DFs) are another reconnection‐driven phenomenon frequently observed in the ter-
restrial magnetotail (Nakamura et al., 2002; Ohtani et al., 2004; Runov et al., 2009). They are character-
ized by a large‐amplitude sharp increase in BZ, which is usually preceded by a decrease in BZ
(Nakamura et al., 2002). Dipolarization fronts form the leading edge of newly reconnected closed field
lines embedded in high speed bursty bulk flows (BBFs) in the process of braking as they encounter the
stronger magnetic fields and higher plasma pressures found in the inner magnetosphere (Nakamura
et al., 2002). Much of the newly dipolarized magnetic flux is due to the reconnection of very low β
(i.e., ratio of thermal plasma pressure to magnetic pressure) magnetotail lobe flux tubes. For this reason,
these dipolarized bundles of magnetic flux possess low specific entropy. These recently reconnected flux
bundles are often referred to as “magnetic bubbles” (Chen & Wolf, 1993). Such flux tubes can experience
significant “buoyancy” forces that will increase or decrease their earthward propagating speed depending
upon the specific entropy of the flux tubes that surround it at a given time as it moves toward Earth and
the location where the braking of the flux tubes stop. The aggregate effect of multiple dipolarization
events is the formation of the substorm current wedge and the onset of the auroral substorm
(Baumjohann et al., 1999; Hesse & Birn, 1991; Liu et al., 2013; Shiokawa et al., 1997). More recently,
three‐dimensional particle‐in‐cell (PIC) simulation by Fujimoto (2016) demonstrated the relationship
between BBFs and collisionless reconnection through formation of flux ropes.

Slavin, Lepping, Gjerloev, Fairfield, et al. (2003) first discussed the “fate” of flux ropes embedded in earth-
ward BBFs. They suggested that these BBF‐type flux ropes would dissipate through reconnection as the flux
ropes push up against the northward geomagnetic field in the inner magnetosphere. This “re‐reconnection”
(or “anti‐reconnection”, Oka et al., 2010) causes the southward BZ field in the leading edge of the flux rope to
dissipate, or “erode”. Continuous reconnection of lobe magnetic flux at an X‐line tailward of the flux rope
causes a “pileup” of northward flux on the trailing edge of the flux rope, which increases the amplitude of
the northward BZ field. On this basis, Slavin, Lepping, Gjerloev, Fairfield, et al. (2003) proposed that the
reconnection and the pileup process explains frequent observations of asymmetric +/− BZ signatures in
BBF‐type flux ropes.

Approximately a third of the dipolarization fronts are observed to have dips with BZ < 0 just ahead of their
characteristic rapid increase in BZ (Runov et al., 2011). A number of mechanisms had been proposed to
explain this feature. The flux rope erosion concept proposed by Slavin, Lepping, Gjerloev, Fairfield, et al.
(2003) can be applied naturally to dipolarization fronts formation by explaining the negative BZ dip, which
precedes some of the dipolarization fronts. This mechanism was then reexamined by Vogiatzis et al. (2011,
2015) using observations from the THEMIS spacecraft. A number of other mechanisms had also been pro-
posed to explain this negative BZ dip feature. For example, Runov et al. (2011) proposed that the dip may
be a diamagnetic effect as the dipolarization front moves through the ambient plasma. Using three‐
dimensional Hall magnetohydrodynamics simulations with finite azimuthal extent of the reconnection
X‐line and non‐zero guide field, Shirataka et al. (2006) showed that the interaction between the earthward
high speed reconnection jet and the magnetic field lines ahead of the high speed flow in the plasma sheet
can bend the field lines, producing the negative BZ dip preceding dipolarization fronts. Wang et al. (2015)
suggested that the negative BZ signature could also be explained by earthward moving “BZ pulses” caused
by higher reconnection rate at the dominant X‐line, relative to the secondary X‐line, tailward and earthward
of the BBF, respectively. Liu et al. (2013) further suggested that the dipolarization front might be a “traveling
substorm current wedge” (Sun et al., 2013).
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Three‐dimensional global hybrid simulations have become available for
the study of the Earth's magnetosphere, especially the magnetotail using
the AuburN Global hybrid CodE in 3‐D (ANGIE3D; see, e.g., Lin et al.,
2014, 2017; Lu, Lin, et al., 2015). Simulation results by Lu, Lu, et al.
(2015) showed that the signatures of earthward propagating flux ropes
reconnecting with closed magnetic field lines are very similar to the
observed magnetic and plasma signatures for dipolarization fronts. In
fact, they propose that some dipolarization fronts are formed by the re‐
reconnection between BBF‐type flux ropes and the geomagnetic field.
This ANGIE3D simulation provided stronger confirmation to the scenario
of dipolarization fronts being eroded BBF‐type flux ropes.

An example of the global hybrid simulation by Lu, Lu, et al. (2015) is
displayed in Figure 1a, which shows the evolution and interrelationship
between a flux rope, X‐lines, and a dipolarization front in the meridional
plane at Y = −5 RE. The top panel shows the formation of flux rope A
(FR‐A) between two reconnection X‐lines. Subsequently, plasma exhaust
and closed magnetic field tension due to the dominant X‐line tailward of
FR‐A carry it earthward. As FR‐A is pushed against the geomagnetic field,
southward magnetic field on the leading edge of FR‐A undergoes re‐
reconnection with the northward geomagnetic field, causing “erosion”
(i.e., removal) of the outermost layers of the flux rope. At the same time,
the northward magnetic field at the trailing edge of FR‐A increases due
to flux pileup as the X‐line tailward of FR‐A continues to send newly
closed flux tubes earthward. FR‐A eventually dissipates and is converted
into closed geomagnetic flux. The process repeats itself when a second flux
rope (FR‐B) is transported earthward (last panel). It should be noted that
the Lu, Lu, et al. (2015) simulation results offer a solution to a long‐
standing topological problem associated with the negative BZ dip at the
leading edges of some dipolarization fronts (Runov et al., 2011). While
many suggestions have been made to explain how local currents might
be driven to produce such a “dip” in the magnetic field ahead of the dipo-

larization fronts (Liu et al., 2013; Runov et al., 2011; Sun et al., 2014), Ampere's law requires that negative BZ
in the cross‐tail current sheet must be associated with either a large‐scale undulation of the current sheet,
tailward exhaust from an X‐line or a magnetic island (i.e., a loop or flux rope; e.g., Slavin et al., 1989).

The MMS mission provides a better chance to revisit and study the dissipating flux rope‐dipolarization front
scenario, in particular the electron kinetic scale physics associated with the re‐reconnection process, which
is crucial to this scenario. Breuillard et al. (2016) reported MMS observation of ±BZ bipolar signature prior to
dipolarization fronts. Signatures associated with an encounter of the re‐reconnection region had been briefly
reported by Man et al. (2018). Here, we present a comprehensive case study of the encounter of a dissipation
region (i.e., ion and electron diffusion region) surrounding the re‐reconnection X‐line observed by MMS to
study the nature of the re‐reconnection process and its global effects on the magnetospheric substorm pro-
cess. Similar to earlier studies identifying diffusion regions at Earth's magnetopause and magnetotail, we
must first know the expectedmagnetic and electric fields, and plasma signatures associated with the encoun-
ter of a dissipation region associated with re‐reconnection.

Figure 2a shows an illustration of the re‐reconnection process with the blue, black, and purple lines repre-
senting the geomagnetic, flux rope, and newly reconnected magnetic field lines, respectively. Since the flux
rope is moving earthward while the magnetic flux at its leading edge is being re‐reconnected, MMS would
observe a positive‐then‐negative (+/−) bipolar BZ signature when crossing the re‐reconnection X‐line.
Within few ion gyroradii around re‐reconnection X‐line is the ion diffusion region where the ions and elec-
trons decouple, resulting in the characteristic quadrupolar Hall magnetic field (BHall; Nagai et al., 2003;
Øieroset et al., 2001; Sonnerup, 1979) in the out‐of‐plane direction (i.e., BY). The type of BY signatures
associated with the Hall magnetic field that MMS will observe depends of its trajectory across the re‐

Figure 1. Three‐dimensional hybrid simulation of earthward traveling flux
rope dissipation (Lu, Lin, et al., 2015; Lu, Lu, et al., 2015). Each panel
from top to bottom shows time evolution of flux ropes A (FR‐A) and B
(FR‐B). Locations of X‐lines in the simulation are marked by red arrows.
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reconnection region as shown by the two (out of many) possible trajec-
tories in Figure 2a. Magnetic reconnection converts magnetic field energy
into particle kinetic energy and accelerates electrons (and ions) in the out-
flow exhaust region. Since the reconnecting magnetic field lines in the
inflow region are in the north and south direction for the geomagnetic
field and leading edge of the earthward flux rope, respectively, the
electron jet in the outflow region is in the north‐south direction. Similar
to the quadrupolar Hall magnetic field, observation of a northward or
southward electron jet in the exhaust region depends on the location of
the MMS spacecraft. We must also point out that the BY signatures shown
in Figure 2a represents ideal cases in the absence of a background recon-
nection guide field (BG); the presence of a guide field could drastically
change the observed BY signature (e.g., Eastwood et al., 2010; Fu et al.,
2006; Pritchett, 2001) and create a unipolar Hall electric field signature
during the encounter of the outflow region of re‐reconnection (Wang
et al., 2012).

Recently, PIC simulations by Lu et al. (2016) with a guide field of
~ 0.1 B0 have shown that the fields and plasma measurements asso-
ciated with the re‐reconnection region around the X‐line as the mag-
netic field lines in the leading edge of an earthward flux rope
encounter the geomagnetic field lines. An example of the PIC simula-
tion results by Lu et al. (2016) is shown in Figure 2b. The black solid
lines represents the magnetic potential contour lines (i.e., magnetic field
lines); the color plots in Panels 1–3 represent BZ, BY, and Ve,Z (i.e., elec-
tron velocity in the z direction), respectively. Simulation results in
Figure 2b show no significant differences in the BZ and Ve,Z observa-
tions between the zero (i.e., Figure 2a) and non‐zero guide field sce-
nario; during the X‐line encounter, Panel 1 of Figure 2b shows a +/−
bipolar signature, while Panel 3 shows electron outflow jets in the
north‐south direction. On the other hand, the magnetic field BY within
the reconnection region in the presence of a non‐zero but weak guide
field is a superposition of BHall and BG, resulting in a different type of
“quadrupolar” magnetic field topology where BY is positive in all four
quadrants. This has major implications in the interpretation of our
results, which will be further discussed in later sections.

With this new understanding of the fields and plasma signatures asso-
ciated with the encounter of a re‐reconnection X‐line, and the ion and
electron diffusion region surrounding the X‐line, we surveyed data col-
lected during the second tail campaign phase of the MMS mission
between May 2017 and August 2017 for magnetic reconnection signa-
tures associated with the re‐reconnection process. In this paper, we
present the plasma (Pollock et al., 2016) and fields (Russell et al.,

2016; Torbert et al., 2016) measurements of a re‐reconnection X‐line encounter preceding the observa-
tion of a dissipating earthward‐moving flux rope. From the observations, we conclude that MMS tra-
versed deep into the electron diffusion region northward of the re‐reconnection X‐line but barely
missed the X‐line. Agreement between the observed signatures and Lu et al. (2016) PIC simulation
results provides the first direct evidence for dissipation of earthward‐moving flux ropes through re‐
reconnection. We estimated a rate of reconnection and provided a qualitative argument of the radial
profile of the erosion process as the dissipating flux rope propagates earthward. We also present simul-
taneous ionospheric responses from ground‐based magnetometers associated with the occurrence of the
dissipating flux rope. These observations and analysis strongly suggest a relationship between dissipa-
tion of flux ropes, development of dipolarization fronts.

Figure 2. (a) Illustration of the re‐reconnection process between an earth-
ward‐moving flux rope and geomagnetic field. Blue, green, and purple
lines represents the geomagnetic, flux rope, and newly reconnected
magnetic field lines, respectively. Magnetic and electric fields, and plasma
measurements expected for encounter of the re‐reconnection region
(i) northward and (2) southward of the X‐line, respectively. (b) Simulation
runs with background guide field of 0.1 B0 (Lu et al., 2016). Black lines
represent magnetic field lines with color plots representing (top) BZ,
(middle) BY, and (bottom) electron velocity in the z direction Ve,Z. Black
arrow represents the trajectory of the virtual spacecraft corresponding to the
simulation results displayed in Figure 5b.
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2. MMS Observation: 3 August 2017 Event

In this study, we use the field (Russell et al., 2016; Torbert et al., 2016) and particle (Pollock et al., 2016) data
from the four MMS spacecraft. Note that full‐resolution Burst Mode data are used in this study unless other-
wise stated. TheMagnetometer (Russell et al., 2016) and Electric Double Probe (Torbert et al., 2016) measure
the magnetic and electric field at sampling rates of 128 and 16,384 vectors/s, respectively. The Fast Plasma
Investigation (FPI; Pollock et al., 2016) provides the velocity‐space distribution of electrons and ions at time
resolutions of 30 and 150 ms, respectively. The coordinate system used in our analysis here is the Geocentric
Solar Magnetospheric (GSM) coordinates.

Figure 3a shows the MMS orbit projected onto the GSM meridional (X‐Z) plane on 3 August 2017. The
red dot in Figure 3a shows the location where MMS observed the magnetic reconnection signature asso-
ciated with dissipating flux rope. The T96 model magnetic field (Tsyganenko, 1995) shown as grey lines
indicates that the observed event is located near the center of the cross‐tail current sheet. Figure 3b
shows the tetrahedron formation of the four MMS spacecraft in the meridional plane when the event
was observed. The separation between each MMS spacecraft is maintained at ~12 km during the
time period.

Figure 3c shows the magnetic field and plasma measurements on 3 August 2017, observed by MMS1 during
the encounter of magnetic reconnection signatures of dissipating flux rope associated with dipolarization
front. At a spacecraft separation of only ~12 km, MMS2, MMS3, and MMS4 observed nearly identical
magnetic field and plasmameasurements as MMS1; hence, only measurements fromMMS1 are shown here.
Panels 1 and 2 of Figure 3c shows the ion and electron energy spectrogram measured by FPI; ion density, x‐
component of ion velocity, plasma β, x‐, y‐, and z‐components andmagnitude (|B|) of themagnetic fieldmea-
surements are shown in Panels 3–9, respectively. The interval starts with MMS1 in Earth's northern tail lobe
as shown by the lack of high‐energy ions and electrons, and strong |B| with magnetic field predominantly in
the positive BX direction. Between UT 17:19:45 and 17:21:00, MMS entered the plasma sheet as shown by the
presence of ~1–10 keV ions and electrons, accompanied with the decrease of magnetic field intensity of
~5 nT and an increase in plasma β from ~0.03 to 80. Note that during this interval, BX also decreases but still
remains positive. This means that the MMS1 remains on the northern side of the plasma sheet throughout
the interval.

At ~17:20:34 UT, MMS1 observed a +/− reversal of BZ (shaded red region) and an increase in plasma β,
which suggest that MMS1 may have encountered a reconnection region (red arrow in Figure 3c) due to
the decrease in magnetic field intensity and increase in plasma temperature and density. Immediately after
the encounter of a reconnection region, MMS1 observed a negative‐then‐positive (−/+) bipolar BZ with an
enhancement in BY (shaded blue region), which are well‐established characteristic signatures of flux rope
being transported earthward (Henderson et al., 2006; Slavin, Lepping, Gjerloev, Fairfield, et al., 2003; Xiao
et al., 2004). Note that the bipolar signature of the observed flux rope is asymmetric with BZ ~ −5 and
10 nT on the leading and trailing edge of the flux rope, respectively. Furthermore, prior to the observed
+/− bipolar BZ signature associated with possible encounter of the re‐reconnection X‐line at UT 17:20:30,
MMS1 also observed +/− and−/+ bipolar BZ signatures at ~UT 17:20 and ~UT 17:20:25, possibly associated
with X‐line and earthward moving flux rope, respectively. This suggest that the BZ signature observed at UT
17:20:30 could also be explained by flux rope coalescence (e.g., Wang et al., 2016; Zhao et al., 2016). However,
further analysis of the magnetic field measurements not shown here indicates that these BZ bipolar signa-
tures observed before UT17:20:30 are likely caused by spatial and/or temporal variations in Earth's plasma
sheet, instead of another X‐line and flux rope

The sequential observation of a reconnection region encounter and asymmetric bipolar signature strongly
suggests that the leading edge of the flux rope is being eroded by re‐reconnection while closed,
northward‐pointing magnetic flux formed from another X‐line tailward of the flux rope piles up at its trailing
edge. Furthermore, the prolonged observation of positive BZ and fast ion flow velocity of ~350–400 km/s,
which are well‐known signatures of the magnetic flux bundle region in a dipolarization event (Liu et al.,
2013), after the trailing edge of the dissipating flux rope is consistent with the dissipating flux rope associated
with dipolarization event scenario proposed by Slavin, Lepping, Gjerloev, Fairfield, et al. (2003) and Lu, Lu,
et al. (2015) simulations (Figure 1). We also like to point out that BX is positive during the encounter of the
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Figure 3. (a) Magnetospheric MultiScale (MMS) orbit (black solid line) on 3 August 2017 in the meridional XZ plane with T96‐model magnetic field (Tsyganenko,
1995; grey lines). Purple line shows the typical boundary of Earth's magnetopause model (Shue et al., 1997). The location of MMS observation of the dissipating
earthward traveling flux rope and its associated magnetic reconnection signatures is shown by the red dot. (b) Relative location of each MMS spacecraft in
tetrahedron formation in the meridional XZ plane. (c) Magnetic field and plasma measurements observed by MMS1 on 3 August 2017. Panel (1) and (2):
ion and electron spectrograms. Panel (3): ion density and Panel (4): x component of the ion velocity. Panels (5)–(9): Plasma β, x, y, and z components andmagnitude
of magnetic field measurements. The red and blue shaded region denotes the time interval for the observation of the re‐reconnection X‐line and the earthward‐
moving dissipating flux rope, as shown by its characteristic −/+ bipolar BZ signature and enhancement in BY associated with its core field, respectively.
The red arrow denotes the encounter of the re‐reconnection X‐line preceding the earthward‐moving flux rope observation.
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re‐reconnection region, which indicates that the MMS spacecraft most
likely traverses northward of the reconnection region, similar to the tra-
jectory (i) shown in Figure 2b. This has implications on the expected mag-
netic and electric fields, and plasma observations as we further investigate
the fields and plasma properties of the region around the re‐reconnection
X‐line between the geomagnetic field and leading edge of the dissipating
earthward flux rope.

3. Fields and Plasma Signatures of Re‐reconnection
X‐line

In our analysis, we determined a LMN coordinate system to further
examine the magnetic and electric field, and plasma signatures of the
re‐reconnection region. Note that the GSM coordinate system is used to
obtain the LMN coordinate system. Recent reconnection studies (e.g.,
Burch et al., 2016) used the LMN coordinate system to describe the fields
and plasma signatures associated with the encounter of a reconnection
region or X‐line. There are many ways to determine a suitable LMN coor-
dinate system; most common methods are the minimum variance analy-
sis (MVA; Sonnerup & Cahill, 1967) and the minimum directional
derivative (MDD) techniques (Shi et al., 2005, 2019). However, not shown
here, either the MVA or MDDmethod is unable to accurately determine a
stable LMN coordinate system for this particular X‐line encounter. Hence,
we choose to adopt the method outlined in Denton et al. (2018), which
employed a hybrid approach from both MVA and MDD to build a local
LMN coordinate system for the re‐reconnection current layer.

We first determined the vector normal to the re‐reconnection current layerN, which also corresponds to the
direction of maximum magnetic field gradient, using the MDD method. Top panel of Figure 4 shows the
eigenvalues of the MDD techniques, while the middle panel of Figure 4 shows its corresponding eigenvec-
tors. The time interval in which MMS encounters the re‐reconnection region is denoted by vertical dashed
lines. It is clear that the maximum eigenvalue (i.e., λMAX), which corresponds to the current sheet normal
N, is greater than the intermediate (λINT) and minimum (λMIN) eigenvalues, indicating that the current
sheet normalN is well determined.We then performedMVA on the same interval to determine the direction
of maximum variance in the magnetic field observations L. We further rotated L by ~2° such that L is ortho-
gonal to N andM completes the right‐handed coordinate system. We determined the new LMN coordinate
system to be N = (0.81, −0.30, −0.51), M = (0.24, 0.96, −0.18), and L = (0.54, 0.02, 0.85).

Bottom panel of Figure 4 shows the magnetic field measurements observed byMMS1 in the LMN coordinate
system. In this new coordinate system, BL and BM show the characteristic signature associated with the
encounter of an X‐line and the quadrupolar Hall field in the ion diffusion region surrounding the X‐line,
respectively. BN, which is mainly positive in the x direction, remains positive throughout the reconnection
region encounter. This is consistent with our earlier idea that the MMS spacecraft traverses northward of
the reconnection region and follows a trajectory similar to that shown in Figure 2a(i).

Figure 5a shows the 6‐s‐long closed‐up interval of fields and plasma measurements in LMN coordinate sys-
tem observed by all MMS spacecraft during the re‐reconnection event on 3 August 2017 shown by the red
shaded region in Figure 3. Panels (i)–(iv) show the magnitude andN,M, and L components of magnetic field
measurements observed by MMS, respectively. In the beginning of this interval, MMS observed the closed
geomagnetic field characterized by the positive BL with a background guide field (i.e., BG) of ~7.42 nT,
which is calculated by averaging BM prior to the encounter of the re‐reconnection region. MMS then
observed the +/− bipolar BL signature between UT 17:20:29 to UT 17:20:31, which indicates encountering
of an X‐line. Note that the ambient magnetic field B0 ~25 nT (Figure 3c). Since the guide field BG ~7.42
nT. Hence, the ratio of BG to B0 (i.e., BG/B0) is ~0.3.

Figure 4. (top) Eigenvalues computed from the maximum directional deri-
vative (MDD) method (Shi et al., 2005, 2019) with blue, green, and red
color representing the maximum, intermediate, and minimum magnetic
field gradient, respectively. (middle) Corresponding maximum gradient
eigenvectors from MDD method in Geocentric Solar Magnetospheric
coordinate system. (bottom) Magnetic field measurements observed by
MMS1 in LMN coordinate system local to the re‐reconnecting current layer
determined from the hybrid MDD method (Denton et al., 2018). Grey
dashed lines represent time interval when Magnetospheric MultiScale
(MMS) observed the re‐reconnection region.
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Asmentioned earlier, MMS trajectory across the reconnection region remains northward of the re‐reconnec-
tion X‐line, which implies observation of a −/+ (i.e., into‐the‐plane followed by out of plane) bipolar signa-
ture in BM associated with BHall. However, in the presence of a non‐zero guide field, BM remains positive
throughout the diffusion region encounters while exhibiting a “bipolar”‐type signature as expected from
the PIC simulations (Figure 2b). This appears to be the case for this event, which has a guide field of
~7.42 nT. As shown in Panel (iii), MMS observed a decrease of ~3 nT, followed by an increase to ~10 nT,
in BY at the same time when MMS observed the bipolar BZ associated with the crossing of the re‐
reconnection X‐line.

A prominent feature of a reconnection region encounter is the observation of super‐Alfvénic outflow ions
and electron jets in the reconnection exhaust region. The reconnection geometry of the re‐reconnection pro-
cess suggests that the outflow jets should be observed in the north‐south direction (i.e., L direction), depend-
ing on the location of the spacecraft relative to the X‐line. For this event, MMS traverses the northern
exhaust jet region and is expected to observe a northward electron outflow jet. The L component of the elec-
tron velocity (Ve,L) is plotted in Panel (vi) of Figure 5a, which clearly showed a localized increase of Ve,L to
~1,000–1,500 km/s (upstream Alfvén speed ~155 km/s with ni ~ 0.5 cm−3 from Panel (v)) around the same
time MMS observed the reversal of BL. Note that MMS also observed a weak northward ion flow enhance-
ment as shown by the small increase in L component of the ion velocity (Vi,L) from ~200 to ~250 km/s plotted
in Panel (vii). The observations of a strong electron outflow jet but weaker ion outflow jet strongly suggests
that the MMS spacecraft traverses deep within the electron diffusion region associated with re‐reconnection
but barely misses the X‐line. The absence of an ion outflow and presence of an electron jet instead also

Figure 5. (a) Panel (i–ix): Magnetic and electric field, and plasma measurements of the re‐reconnection X‐line observed by MMS1 (black), 2 (yellow), 3 (green),
and 4 (blue) on 3 August 2017. Panel (x–xii): Current density J computed using electrons and ions measurements from Fast Plasma Investigation. Panel (xiii):
Dissipation quantity J·E′. All parameters shown are in the local LMN coordinate system determined using the hybrid minimum directional derivative method
(Denton et al., 2018). Vertical dashed lines marks the encounter of the re‐reconnection X‐line (i.e., +/− bipolar BZ signature). (b) Magnetic and electric field,
and plasma measurements from particle‐in‐cell simulation with non‐zero guide field for spacecraft trajectory shown by black arrow in Figure 2b (Lu et al., 2016).
The parameters are plotted in similar format as Figure 5a.
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suggest that re‐reconnection might have occurred in an electron‐scaled current sheet, similar to that
observed by Wang et al. (2018) in the near‐Earth magnetotail.

Another indicator of MMS traversing the ion and electron diffusion region associated with re‐reconnection
is the observation of the Hall electric field as predicted by simulations (e.g., Pritchett, 2008) and observed by
earlier MMS studies on the electron diffusion region of dayside reconnection region (e.g., Burch et al., 2016).
The Hall electric field is caused by the charge separation of ions and electrons due to their difference in gyro-
radius (Eastwood et al., 2010), resulting in an ambipolar electric field EN in the case of re‐reconnection
between the geomagnetic field and the leading edge of an earthward flux rope. Panel (viii) shows an
enhancement in EN of ~15 mV/m due to the presence of a guide field around the same time when MMS tra-
verses the reconnection region. This unipolar enhancement of the Hall electric field is consistent with pre-
vious observations at Earth (Wang et al., 2012). The separation of ions and electrons also results in strong
Hall currents in the decoupling (or diffusion) regions. Panel (ix) shows MMS1 and MMS2 observations of

a negative enhancement in E′

M, which is often referred as the reconnection electric field in many reconnec-
tion studies (e.g., Hesse et al., 2018) and is expected to be the strongest in the electron diffusion region. Panels
(x)–(xii) show the N, M, and L components of current density J = ene (Vi − Ve) computed using plasma
moments from FPI's plasma distribution functions. The ion velocity Vi is linearly interpolated to match
the time cadence of Ve. Time scales on the order of ~30–150 ms always correspond to either ion or electron
kinetic scales, where fluctuations inVi are ubiquitously below that ofVe (Gershman et al., 2018). Hence, it is
acceptable to linearly interpolate Vi since there is no physical mechanism for Vi to change on the time scale
of ~30 ms. Enhancements in JM and JL of ~40–100 nA/m

2 were observed when MMS observed the magnetic
field and plasma signatures associated with the crossing of an X‐line. The electric fields and current density
measurements are also consistent with the scenario mentioned earlier that MMS traverses the ion and elec-
tron diffusion region associated with the re‐reconnection.

The last supporting evidence of MMS encountering a reconnection region associated with the dissipation of
an earthwardflux rope is the positive enhancement of J·E′ (the dissipation quantity), whereE′=E+ (Ve×B;
Zenitani et al., 2011). Since magnetic reconnection is a dissipative process that converts magnetic energy
into particle kinetic energy and heat, J·E′ is positive around the reconnection region. The J·E′ quantity
(Panel (xiii)) clearly shows J·E′ increases to ~0.11 nW/m3, which is greater than zero, when MMS observed
the “re‐reconnection” region. Note that before the encounter of the re‐reconnection region, J·E′ ~ 0. All of the
fields and plasma signatures shown above provide strong evidences that MMS indeed encounter the ion and
electron diffusion regions surrounding a re‐reconnection X‐line preceding the observation of an earthward
moving flux rope since J·E′ is positive only within the electron diffusion region (e.g., Zenitani et al., 2011).

Figure 5b shows the PIC simulation results by Lu et al. (2016; Figure 2b) along x direction between x= 135 di
to 127 di at z = 0.6 di, where di is the ion inertial length used in the simulation runs. Note that the x, y, z
direction in the simulation corresponds to the N, M, L direction determined in our analysis. In this two‐
dimensional PIC simulation run, the ion‐to‐election mass ratio is 25; the ion and electron initial tempera-
tures are 0.00185 mic

2 and 0.00926 mec
2, respectively. An initial guide field of 0.1 B0 was implemented in

the simulation, where B0 is the magnitude of the ambient magnetic field. Hence, the initial Harris‐like cur-
rent sheet magnetic field is given by the equation: B(z) = B0 tanh(z/δ) ex, where B0 is the magnitude of the
asymptotic background field and δ is the half thickness of the current sheet. Note that during the simulation
time when re‐reconnection occurred, BG/B0 is ~0.3, which is consistent with the ratio computed for theMMS
event. The reader is referred to section 2 of Lu et al. (2016) for more details on the initial conditions of the
simulation runs. The plasma and fields profiles from the PIC simulation are plotted in a format similar to
Figure 5a for comparison. The trajectory corresponding to the simulation results displayed in Figure 2b is
shown by the black arrow in Figure 2b. It is evident that ourMMS observations of the re‐reconnection region
agree very well with the PIC simulations by Lu et al. (2016). In particular, the PIC simulation results also
show a non‐zero “bipolar”‐type BY signature associated with the quadrupolar Hall field in the presence of
the guide field, and enhancements in both EX and current density J due to the separation of ions and elec-
trons inside the diffusion region. Enhancements in Ve,Z due to the exhaust jets and J·E′ > 0 with the recon-
nection region are also observed in the simulation results. Note that the simulation also predicted a very
weak ion outflow jet as compared to the electron outflow jet. Furthermore, the PIC simulation shows a
distance of ~0.6di (or ~3de) from the X‐line. The electron diffusion region usually extends to more than
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10 de (Fujimoto, 2006). Hence, the simulation result is consistent with our conclusion that MMS traversed
deep within the electron (and ion) diffusion region but misses the X‐line. We would like to point out that
the fields and plasma signature associated with crossing of a re‐reconnection current sheet deviates from
that of a large, flat extended reconnecting current sheet. This suggest that the re‐reconnecting current sheet
most likely has a small‐scale, nonplanar geometry, which seems to be captured very well by the simulations.
The agreement between our results, the magnetic field signatures of the dissipating flux rope‐dipolarization
front scenario proposed by Slavin, Lepping, Gjerloev, Fairfield, et al. (2003), Vogiatzis et al. (2015), and Lu,
Lu, et al. (2015), and the re‐reconnection signatures shown in Lu et al. (2016) PIC simulations lead us to the
conclusion that MMS indeed observed a dissipating flux rope associated with dipolarization front as
we now discuss.

4. Discussion

In this study, we presented MMS observations of magnetic reconnection signatures of dissipating earthward
flux ropes associated with dipolarization event on 3 August 2017. This case study showed magnetic field and
plasma measurements made by MMS are consistent with MMS encountering the ion diffusion region north-
ward of a re‐reconnection X‐line (see Figure 2a(i)). Specifically, (i) +/− reversal in BL, (ii) −/+ bipolar‐type
quadrupolar Hall magnetic field, (iii) super‐Alfvénic electron jet of ~1,000–1,500 km/s in the outflow region,
(iv) Hall electric field of ~15 mV/m, (v) intense currents of ~20–60 nA/m2, and (vi) positive J·E′ were
observed. The measurements are also consistent with the scenario where MMS encounters the ion and
electron diffusion regions but misses the re‐reconnection X‐line. Our results also corroborate with the
PIC simulation results of magnetic field and plasma signatures associated with the encountering of the re‐
reconnection X‐line shown by Lu et al. (2016).

The sequential MMS observations of fields and plasma signatures associated with re‐reconnection,
earthward‐moving flux rope, and dipolarization front reported here also support Lu, Lu, et al.'s (2015)
simulation‐based hypothesis that some negative BZ dips ahead of dipolarization fronts are due to flux rope
dissipation (Slavin, Lepping, Gjerloev, Goldstein, et al., 2003; Vogiatzis et al., 2011, 2015). This is further sup-
ported by the observed BZ asymmetry in the earthward propagating flux rope (i.e., the negative BZ region is
smaller than the positive BZ region), which is common for BBF‐type flux ropes (Eastwood et al., 2005; Slavin,
Lepping, Gjerloev, Fairfield, et al., 2003) and some dipolarization fronts (Runov et al., 2011). These measure-
ments are in excellent agreement with the eroding flux rope‐dipolarization front scenario results from the
Lu, Lu, et al. (2015) simulation and Vogiatzis et al.'s (2011, 2015) THEMIS observations, where the process
of erosion of the southward magnetic field on the leading edge of the flux rope and the pileup of northward
magnetic field in the trailing edge of the flux rope results in the observed asymmetry in the bipolar
BZ signature.

4.1. Rate of Reconnection

A natural question concerning re‐reconnection X‐lines is the rate of reconnection α. There are various meth-
ods to calculate the dimensionless reconnection rate (Genestreti et al., 2018). The two common methods of

calculating the rate of reconnection, in the absence of a guide field, are given by the equations: (1) α ¼ BN
BL
,

where BN is the reconnecting magnetic field normal to the reconnection current layer and BL is the magni-
tude of the magnetic field in the L direction (i.e., the reconnecting magnetic field; Sonnerup et al., 1981;
Mozer & Retinò, 2007), (2) α ¼ vin

vA
, where vin is the inflow speed and vA is the upstream ion Alfvén speed,

and (3) α ¼ E′

M
BLVA

, where E′

M is the reconnection electric field in the frame of the electron (e.g., Cassak

et al., 2017). Since MMS encounters the outflow region of the re‐reconnection X‐line and did not observe
the inflow region, we will use formula (1) and (3) to calculate the dimensionless reconnection rate.

From Figure 5a, average values of BN and BL are ~0.35 and 4 nT, respectively. Hence, we estimated the
dimensionless reconnection rate α using formula (1) to be ~0.09, which is consistent with the rate of recon-
nection in fast reconnection regime (~0.1) computed for dayside reconnection (e.g., Cassak et al., 2017).

From Figure 5a, we also computed the average upstream constant E′

M to be ~1.5 mV/m and vA
~ 155 km/s (ni ~ 0.5 cm−3). Using formula (3), we then calculated the reconnection rate to be ~2.4, which
is more than an order of magnitude larger than fast reconnection rate of ~0.1. We would like to
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emphasize the difficulty of calculating the reconnection rate using formula (3) (Genestreti et al., 2018).

Possible sources of errors of reconnection rate calculated fromE′

M includes uncertainties in the (1) measured
electric field and (2) coordinate system transformation of the electric field measurements from GSM to LMN
coordinate system (Genestreti et al., 2018, and references therein), both of which could result in overestima-
tion of α. Further discussion of sources of uncertainties mentioned above are out of the scope for this study.
Therefore, the reconnection rate of 0.09 calculated using formula (1) will be used in subsequent discussion
due to higher confidence level of its accuracy.

The follow‐up question on the computed reconnection rate is, how long will the magnetic flux erosion pro-
cess continue before the earthward traveling flux rope fully dissipates? We can answer this question by first
considering the rate of reconnection calculation described in Cassak et al. (2017). The magnetic flux recon-
nected per unit time, to first order approximation, can be expressed as

dΦ
dt

e

w∫BZ·VFRdt
Δt

(1)

where BZ is the z component of the reconnecting magnetic field in the leading edge of the eroding flux rope,
w is the cross‐tail width of the re‐reconnection X‐line, Δt is the time over which re‐reconnection occurs and
VFR is the velocity of the flux rope. Note that BZ is integrated over the time of observation of negative BZ in
the leading edge of the flux rope. Using Faraday's law and assuming that the flux rope is traveling at a con-
stant speed, the reconnection electric field E′

M can be expressed

E′

Me
VFR∫BZdt

Δt
(2)

The dimensionless reconnection rate α can then be expressed as

αe
E

BLVA
e

VFR∫BZdt
BLVAΔt

(3)

where VA is the local Alfvén speed and BL is the magnitude of the reconnecting magnetic field. We can then
rewrite equation (3):

Δte
VFR∫BZdt
BLVAα

(4)

Not shown here, we calculated the velocity of the flux rope VFR, using the Spatio‐Temporal Difference method
(Shi et al., 2006), to be ~300 km/s. Integrating BZ with respect to time (Figure 4), and using the dimensionless
reconnection rate of ~0.09 and BL ~4 nT calculated earlier, we estimated that it will take ~115 s for the leading
edge of the dissipating flux rope to be fully eroded. With a constant speed of ~300 km/s, the flux rope is esti-
mated to travel an addition of ~5.42 RE to X ~ −16.58 RE before it is completely dissipated and converted into
closed geomagnetic flux (Panel 3 of Figure 1). Our results also raise the question of whether we could qualita-
tively describe the amount of erosion that occurred during the propagation of the flux rope.

A similar study was conducted by Lavraud et al. (2014) on the erosion of magnetic clouds during propagation
to 1 AU. Following the methodology presented in Lavraud et al. (2014), we calculated the radial profile of the
local Alfvén speed in Earth's cross‐tail current sheet as shown in Figure 6b using the Tsyganenko model of
Earth's magnetic field (Tsyganenko, 2002; Figure 6a). Here, we assumed the re‐reconnection process to be
spontaneous, where reconnection rates are known to scale with the local ion Alfvén speed (e.g., Cassak &
Shay, 2007). The cumulative percentile of the calculated ion Alfvén speed shown in Figure 6c then provides
a qualitative estimate of the radial profile of the reconnection rate, and hence a reflection of the erosion pro-
cess, as the dissipating flux rope propagates earthward. We also assumed that the flux rope was formed near
X ~−30 RE and travels earthward at a constant velocity. In this simple scaling argument, we found that more
than 50% of the erosion is expected to occur before the flux rope reaches the near‐Earthmagnetotail region of
XGSM ~−14RE. Note that our calculation here is reasonably conservative and provides an upper limit on how
far downtail does most of the erosion occurs. We further emphasized that external forces (e.g., J × B forces)

10.1029/2018JA026451Journal of Geophysical Research: Space Physics

POH ET AL. 7487



around the pileup region tailward of the earthward‐propagating flux rope, in reality, drives and facilitates the
re‐reconnection process. As such, the re‐reconnection process would be a case of driven, instead of
spontaneous, reconnection (Sato & Hayashi, 1979). Therefore, in the discussion on the radial dependence
of the rate of reconnection, future theoretical and statistical studies must be conducted to investigate the
effects of external forces around the earthward flux ropes on the radial dependence of the rate
of reconnection.

Despite the oversimplified estimation on the radial profile of the erosion process, our calculations do sug-
gest that the erosion process of the earthward‐traveling flux rope is still ongoing within −20 RE.
Therefore, our result is consistent with the idea that near‐tail dipolarization fronts, at least in some cases,
may be BBF‐type flux ropes in the final stages of dissipation as they reconnect with the strongly dipolar
magnetic field in the inner magnetosphere as originally hypothesized by Slavin, Lepping, Gjerloev,
Fairfield, et al. (2003), and shown in 3‐D global hybrid simulations (Lu, Lu, et al., 2015) and observations
(Man et al., 2018; Slavin, Lepping, Gjerloev, Fairfield, et al., 2003; Vogiatzis et al., 2011). Our case study of
dissipating flux rope event observed by MMS also raise the possibility that some of the dipolarization
fronts without a negative BZ dip ahead of the sharp BZ increase might have originated from flux ropes
that had been fully dissipated. We also emphasized that the dissipating flux rope‐dipolarization front sce-
nario is the simplest global solution to the topological problem associated with the BZ dip ahead of a dipo-
larization front. For example, many ad hoc currents associated with individual charged particle
populations have been proposed to account for the negative BZ perturbation ahead of the dipolarization
front (e.g., Runov et al., 2011). However, it is still necessary for the southward BZ to close with the north-
ward BZ of the dipolarization front for the magnetic field to be divergenceless (i.e., ∇ · B = 0) and this
requirement is automatically satisfied in the eroding (or rereconnecting) flux rope model. That said, the
question on the percentage of dipolarization fronts observed in the near‐tail region originating from dis-
sipated flux ropes remains to be determined.

Figure 6. Radial profile of the (a) magnitude of Earth's magnetic field model (Tsyganenko, 2002), (b) local Alfvén speed, and (c) cumulative percentile of the local
Alfvén speed between R = 8–30 RE. The red line in Figure 6c shows the radial location where 50% of the erosion process occurs according to our calculations.
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4.2. Ionospheric Response

Earlier studies (e.g., Imber et al., 2011; Slavin et al., 2005; Zong et al., 1997) have shown the close association
between BBF‐type flux ropes and substorm activity. As the leading edge of the earthward moving flux
rope re‐reconnects with the geomagnetic field, the newly formed closed magnetic flux tubes (purple field
lines in Figure 2a) with two ends connected to each hemisphere accelerates electrons at the Alfvén velocity
away from the re‐reconnection X‐line in the reconnection exhaust region. The flow of energetic electrons
within these flux tubes directed into Earth's ionosphere could produce intense upward field‐aligned
currents (FACs), resulting in the perturbations of magnetic field near the ionospheric footpoint of the re‐
reconnection X‐line.

We examine this relationship between the dissipating earthward flux ropes and ionospheric activity by
determining if there is any ionospheric response associated with the occurrence of the dissipating flux rope
associated with the dipolarization event observed on 3 August 2017. From our earlier calculations of the time
it will take for the earthward moving flux rope to be fully dissipated (~115 s), we might expect any iono-
spheric signatures of the re‐reconnection event associated with the dissipating flux rope to persist until
~UT17:23. Figures 7a–7d show the magnetic field perturbations (green vectors) measured by ground‐based
magnetometer stations above 60° magnetic latitude (MLAT) at four time intervals before (i.e., UT17:18), dur-
ing (i.e., UT17:20 to UT17:24), and after (i.e., UT17:32) the re‐reconnection event, respectively, on 3 August
2017. Note that the vectors are rotated by 90° to represent the horizontal current directions. When MMS
observed the re‐reconnection X‐line, the location of MMS is magnetically mapped to the surface of Earth
at magnetic local time (MLT) of ~22:15 and MLAT of ~75°, which is represented by the red star in
Figure 7a.

Before MMS observed the re‐reconnection X‐line and dissipating flux rope event at UT17:18, the Dixon
(DIK: 68.71° MLAT, 22:41 MLT) and Amderma (AMD: 65.31° MLAT, 21:26 MLT) ground‐based

Figure 7. (a–d) Magnetic field perturbations measured by ground‐based magnetometers rotated by 90° on 3 August 2017 at UT17:18, UT17:22, UT17:24, and
UT17:32, respectively. The Dixon (68.71° magnetic latitude, MLAT, 22:41 magnetic local time, MLT) and Amderma (65.31° MLAT, 21:26 MLT) ground‐based
magnetometer station are labeled. Red star in Figure 7a represents the ionospheric footpoint of the dissipating flux rope‐dipolarization front
event observed by MMS. (e–h) Magnetic field perturbations measured by Active Magnetosphere and Planetary Electrodynamics Response Experiment Iridium
satellites. Time intervals are similar to those in Figure 7a–7d. Red arrow in Figure 7e denotes the trajectory of the Iridium satellite that crosses the ionospheric
footpoint of the re‐reconnection event observed by Magnetospheric MultiScale. (i–l) SuperDARN measurements of ionospheric convection flows between
(i) UT17:16–UT17:18, (j) UT17:20–UT17:22, (k) UT17:22–UT17:24, and (l) UT17:30–UT17:32, showing the enhanced flow speeds at ~18–20 MLT and ~70° MLAT.
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magnetometer stations observed no horizontal currents near the MMS ionospheric footpoint as shown in
Figure 7a. However, during the time interval when the earthward moving flux rope was determined to
undergo the process of re‐reconnection between UT17:20–UT17:24, both DIK and AMD magnetometers
observed an increase in intensity of the westward and eastward horizontal closure currents due to
upward FACs associated with the re‐reconnection event as shown by the magnitude and direction of
the vectors (Figures 7b and 7c). At a later time of UT17:32 when the flux rope dissipation process is
thought to have completed, DIK and AMD magnetometers observed a decrease in the horizontal current
as shown by the change in both magnitude and direction of the vectors (Figure 7d).

Figures 7e–7h show the Active Magnetosphere and Planetary Electrodynamics Response Experiment
(AMPERE) space‐based magnetic field perturbation measurements on 3 August 2017 at similar time inter-
vals shown in Figures 7a–7c. The red arrow denotes the orbital path of an Iridium satellite orbiting close to
the MMS footpoint of the re‐reconnection event. Similar to the ground‐based magnetometers observation,
magnetic field perturbation was not observed before (at UT17:18) MMS observed the re‐reconnection event
as shown in Figure 7e. Between UT17:20 to UT17:24, the Iridium satellite crosses MMS ionospheric foot-
point and observed strong magnetic field perturbations consistent with an upward FACs region around
the magnetic footpoint of the re‐reconnection event as shown by the increase in magnetic field intensity
in Figures 7f and 7g. At UT17:32, the magnetic field perturbations signatures were no longer observed
(Figure 7h). Our results were further supported by the Super Dual Auroral Radar Network (SuperDARN)
measurements of ion convection flows (vectors) and potentials (contours) as shown in Figure 7i–
Figure 7l. The time intervals for the SuperDARN results are similar to that of ground‐based magnetometers
and AMPERE. At the same time when MMS observed the re‐reconnection X‐line, the ionospheric convec-
tion speeds were enhanced by 300 m/s at dusk region between 18 and 20 MLT and ~70° MLAT as shown
in Figures 7j and 7 k. Our analysis provides clear evidences that the occurrence of re‐reconnection associated
with dissipating earthward flux ropes creates an upward FACs at the ionospheric footpoint, resulting in
magnetic field perturbations, enhanced horizontal currents, and increased ionspheric convection speed in
the ionosphere as observed by ground and space‐based magnetometers and satellites. Note that although
the relationship between BBFs and aurora activities had been studied extensively (e.g., Kepko et al.,
2009), the simultaneous observation of the dissipating flux rope and ionospheric responses at the magnetic
footpoint of the flux rope strongly suggest that these observed ionospheric responses are driven by dissipat-
ing flux ropes, instead of a dipolarizing flux bundle‐type of DFs.

5. Conclusions

The results presented here leads to the following important conclusions:

1. Observations of the fields and plasma signatures, primarily the (i) +/− reversal of BZ, (ii) −/+
bipolar‐type quadrupolar Hall magnetic field, (iii) northward super‐Alfvénic electron outflow jet of
~1,000–1,500 km/s, (iv) Hall electric field of ~15 mV/m, (v) intense currents of ~40–100 nA/m2, and
(vi) J·E′ ~0.11, associated with the encounter of a re‐reconnection X‐line and its surrounding ion and
electron diffusion regions.

2. Our observations are consistent with the scenario where MMS traverse deep within the electron diffusion
region but missed the re‐reconnection X‐line.

3. The observation of a re‐reconnection X‐line preceding the observation of an earthward‐moving flux rope
with asymmetric −/+ BZ signature indicates that the leading edge of the flux rope is being eroded
through re‐reconnection with the geomagnetic field.

4. The close agreement between the PIC simulation results and the MMS fields and plasma observations
of re‐reconnection between the geomagnetic field and earthward‐moving flux rope, and observations
of continuous +BZ in the trailing edge of the flux rope, all strongly support the dissipating flux
rope‐dipolarization front scenario. Furthermore, it also provides a natural solution to the topological
problem of negative BZ dip preceding the observation of ~30% of all dipolarization fronts.

5. We estimated a reconnection rate of ~0.09 and expected the flux rope to be fully eroded at X ~ −16.58 RE.
Our flux rope erosion model calculations also suggest that most of the erosion process affecting the
earthward‐moving flux rope should have occurred when it reaches X ~ −14 RE.
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6. Finally, ground and space‐based measurements show correlation between the dissipation process of
earthward‐moving flux ropes and ionospheric signatures.

Future analysis of additional dissipating flux ropes associated with dipolarization fronts are required to
improve our understanding of the physics of the flux rope dissipation process, the nature of re‐reconnection
(i.e., the azimuthal extent of the X‐line) and its effect on the flow of energy from the re‐reconnection process
to the global ionospheric current system (specifically the structure and variability). This is easily achievable
by making use of the MMS four spacecraft tetrahedron formation and high‐resolution plasma measure-
ments, in conjunction with simultaneous observation of ionospheric response using ground and space‐based
measurements, to identify more dissipating flux rope events for a multipoint statistical study as MMS con-
tinues the tail reconnection phase of its mission in the future.
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