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Abstract

The dawn—dusk confinement of magnetic reconnection site in the near-Earth magnetotail is established on the basis of Geotail
observations. Geotail has made more than 50 encounters with magnetic reconnection in association with the onset of substorms
in the near-Earth magnetotail at radial distances of 20-30 RE in the period of 1994-2019. Ground magnetic field observations
are examined for these events, and geosynchronous spacecraft observations are investigated for a limited number of cases. The
magnetic reconnection site is located in the upward (from the ionosphere to the tail) field-aligned current part of large-scale
substorm current system derived from ground mid-latitude magnetic variations. The site is confined to the localized dawn—
dusk extent of the 1-h local time, just west of the center of the large-scale substorm current system. The short dawn-dusk
length of the X-line implies that magnetic reconnection inherently proceeds as the two-dimensional dynamics in the magnetotail
meridional plane. Rapid dipolarization with upward field-aligned currents occurs at geosynchronous altitude near the meridian
of the magnetic reconnection site. This study demonstrates that rapid dipolarization in the inner magnetosphere is produced
with earthward outflows from magnetic reconnection and that intense upward field-aligned currents are a direct consequence of

magnetic reconnection.
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Key Points:

o The dawn—dusk extent of magnetic reconnection site occupies only the 1-h
magnetic local time sector in the near-Earth magnetotail.

o Upward field-aligned currents form in magnetic reconnection site.

o The center of global substorm current system is located just east of the
magnetic reconnection site meridian.
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Abstract

The dawn—dusk confinement of magnetic reconnection site in the near-Earth magnetotail is
established on the basis of Geotail observations. Geotail has made more than 50 encounters with
magnetic reconnection in association with the onset of substorms in the near-Earth magnetotail at
radial distances of 2030 Re in the period of 1994-2019. Ground magnetic field observations are
examined for these events, and geosynchronous spacecraft observations are investigated for a
limited number of cases. The magnetic reconnection site is located in the upward (from the
ionosphere to the tail) field-aligned current part of large-scale substorm current system derived
from ground mid-latitude magnetic variations. The site is confined to the localized dawn—dusk
extent of the 1-h local time, just west of the center of the large-scale substorm current system.
The short dawn-dusk length of the X-line implies that magnetic reconnection inherently proceeds
as the two-dimensional dynamics in the magnetotail meridional plane. Rapid dipolarization with
upward field-aligned currents occurs at geosynchronous altitude near the meridian of the
magnetic reconnection site. This study demonstrates that rapid dipolarization in the inner
magnetosphere is produced with earthward outflows from magnetic reconnection and that
intense upward field-aligned currents are a direct consequence of magnetic reconnection.

1 Introduction

Magnetic reconnection is a primary engine for the dynamics of magnetospheric
substorms. Energy is accumulated in the magnetotail during the growth phase of substorms, and
is explosively released via magnetic reconnection during the expansion phase of substorms.
Magnetic reconnection initially forms in the near-Earth magnetotail at a downtail distance from
—20 Re to —30 Re (e.g., Nagai et al., 1998). Fast tailward plasma flows with southward magnetic
fields are identified as signatures of magnetic reconnection tailward of the magnetic reconnection
site and are frequently observed during substorm activities with spacecraft (e.g., Interplanetary
Monitoring Platform IMP-6, IMP-8, Geotail, Cluster, Time History of Events and Macroscale
Interactions during Substorms THEMIS, and recently Magnetospheric Multiscale MMS) at
radial distances of > 20 Re (e.g., Hones & Schinder, 1977; Nagai & Machida,1998; Eastwood et
al., 2010; Imber et al., 2011; Torbert et al., 2018). However, in situ observations of magnetic
reconnection are fairly rare even when spacecraft are at downtail distances from —20 Re to —30
Re. Magnetic reconnection proceeds along the X-line, and its width in the tail direction is
estimated to be less than a few ion inertial lengths (e.g., Nagai et al., 2011, 2013b). The dawn-—
dusk length of the X-line has not been unambiguously determined, because there are no in situ
observations for magnetic reconnection with two or more separated positions in the dawn—dusk
direction of the magnetotail. Nagai et al. (2015b) compiled a survey of magnetic reconnection
events observed in the near-Earth magnetotail by Geotail in the period of 1994-2014. Magnetic
reconnection can be found in the large dawn—dusk spatial region fromY = +15Reto Y =—-10 Re
(see also Genestreti et al., 2013, 2014). Magnetic reconnection in the far-dusk and far-dawn
sectors of the magnetotail tends to occur during highly disturbed (large Kp) conditions and seems
to be associated with a large-scale substorm. It can be imagined that the X-line extends in the
dawn—dusk direction. Indeed, Nakamura et al. (2012) suggested the dawnward development of
the magnetic reconnection site in Hall magnetohydrodynamic (MHD) simulations (see also Huba
& Rudakov, 2002; Shay et al., 2003). However, a long dawn—dusk length of the X-line appears
to be inconsistent with the rare encounters of the magnetic reconnection site in spacecraft
observations.
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In 2015-2019, the National Oceanic and Atmospheric Administration Geostationary
Operational Environmental Satellites GOES made continuous energetic proton and electron
observations with high time resolution magnetic field measurements at multiple positions at 6.6
Re (see Nagai et al., 2019). A large number of digital ground magnetic field data then became
available. Fortunately, Geotail returned to the plasma sheet in 2015-2017 after a long stay in the
tail lobes in its tail seasons and was able to provide in situ observations of magnetic
reconnection. We investigate the relationship between the magnetic reconnection site and the
substorm current system inferred from the ground magnetic field observations. A substorm
current system can be modeled using the concept of a substorm current wedge proposed by
McPherron et al. (1973). A current wedge is composed of downward (into the ionosphere) field-
aligned currents in the eastern part and upward (from the ionosphere) field-aligned currents in
the western part. These field-aligned currents produce a positive bay signature in the northward
component, H, of the magnetic field at mid- and low-latitudes on the ground. The effect of these
field-aligned currents is observed as changes in the east-west component, D, of the magnetic
field at mid-latitudes on the ground and in the vicinity of the geosynchronous altitude in space.
The eastern downward field-aligned currents produce negative D variations (the western
deflection) and the western upward field-aligned currents produce positive D variations (the
eastward deflection) in the Northern Hemisphere (e.g., Nagai, 1982, 1987). The D sign is
opposite in the Southern Hemisphere. A simple line current model with the dawn—dusk
symmetric structure is given by Nagai (1987), and the center of the current wedge can be
estimated at the meridian of zero D deflection, where the positive H bay has its peak amplitude.
However, it is known that a real substorm current system shows strong dawn—dusk asymmetry
(e.g., Baumjohann et al., 1981). The western upward field-aligned currents are intense and highly
localized and are likely connected with active aurorae, such as the westward traveling surge. The
eastern downward field-aligned currents are less intense but are widely distributed in the
morning sector. There are events in which the longitudinal range of the negative D deflection is
wider than that of the positive D deflection (e.g., Clauer and McPherron, 1974). However, the
zero D deflection meridian is used as the center of the substorm current system in this paper for
simplicity.

This study presents the somewhat unexpected result that magnetic reconnection in the
near-Earth magnetotail is observed only in the upward field-aligned current region. Magnetic
reconnection in the far-dusk (+Y) and far-dawn (=Y sectors of the magnetotail is associated
with a newly formed substorm current wedge in these regions. Furthermore, rapid dipolarization
at geosynchronous altitude occurs only near the magnetic reconnection meridian. These results
are verified with statistical studies with more than 50 events. The statistical studies clearly
demonstrate the dawn-dusk confinement of the magnetic reconnection site in the near-Earth
magnetotail.

In this paper, Section 2 describes the data used in this study. Section 3 describes three
clear-cut events showing the relationship between the magnetic reconnection site and the
substorm current system and dipolarization at geosynchronous altitude. Section 4 describes the
statistical studies. Section 5 discusses the significance of the present results with respect to the
substorm dynamics. The conclusions are given in Section 6. Signatures of in situ magnetic
reconnection in the magnetic field and plasma observations with Geotail have already been
described in detail in previous studies (Nagai et al., 1998, 2001, 2011, 2013a, 2013b, 2015a,
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2015b) with a review given by Nagai (2021), and are known to be common in spacecraft
observations, e.g., Cluster, THEMIS, and MMS (Nakamura et al., 2006; Oka et al., 2016: Torbert
et al., 2018); therefore, we only present the key signatures for the magnetic reconnection events
in this paper. The most essential signature is strong electron acceleration/heating during high-
speed plasma flows. Various expected Hall physics of magnetic reconnection can be found with
electron acceleration/heating, as discussed in detail in, e.g., Nagai et al. (2011, 2013b). Hence,
the magnetic reconnection site, which is also called the X-line in appropriate cases, is defined as
the region where electrons show acceleration/heating.

2 Data

In situ magnetic reconnection observations were made with the spacecraft Geotail. The
magnetic field data were obtained with the magnetic field experiment MGF (Kokubun et
al.,1994), and the ion and electron data were obtained with the low-energy plasma experiment
LEP (Mukai et al., 1994). Full energy-time spectrograms for the ions and electrons from LEP,
which are the most fundamental data used to identify magnetic reconnection, are given on the
Institute of Space and Astronautical Science (ISAS) website, and can be obtained on the
CDAWEeb site. The Geotail data are given using the geocentric solar magnetospheric (GSM)
coordinate system. For the event studies during the period of 2015-2017, we used data obtained
by GOES-13 at 75° W, GOES-14 at 105° W, and GOES-15 at 135° W. Magnetic field data with
a time resolution of 0.512 s are given using in the VDH coordinate system. In the VDH system,
H (pointing northward) is antiparallel to the Earth’s dipole axis, D (azimuthal east) is orthogonal
to H and a radius vector to the satellite, and V (nearly radial outward) completes the Cartesian
coordinate system. Therefore, the directions of the H and D components are the same as those
used for the ground magnetic field data. The Energetic Particle Sensor MAGnetospheric Proton
Detector provides proton (>80 keV) fluxes in five channels and the Energetic Particle Sensor
MAGnetospheric Electron Detector provides electron (>30 keV) fluxes in five channels; more
detailed information is available in Nagai et al. (2019). In addition, we use 1-min average
magnetic field data from other GOES spacecraft. The ground magnetic field data consist of 1-s
digital data (from Kakioka and US stations) and 1-min digital data (from other stations).
However, some data from the US stations (mostly prior to 2010) are 1-min digital data. In this
study, the magnetic field data are presented using the H (northward) component and D
(eastward) component. Even when the digital data are given as X- and Y-component data, these
data are used as H- and D-component data. The data used in this study are from mid- and low-
latitude stations; therefore, there is no significant discrepancy between these two coordinate
systems. The station name and ABB (abbreviation) code are used according to the World Data
Center for Geomagnetism, Kyoto, Data Catalogue, No. 32. The information for the geographic
and geomagnetic locations of the ground stations are presented in the Data Catalogue. In this
study, the Geotail footpoint is determined via SSCWEB and all local magnetic time values are
calculated using GEOPAC.

3 Event studies

We first examine the events on 16 September 2017 (Section 3.1). Two substorms
successively occurred when Geotail was in the dusk magnetotail where magnetic reconnection is
most frequently observed. Geotail made in situ observation of magnetic reconnection for the
second substorm; however, no reconnection signatures were detected for the first substorm. The
ground magnetic field observations clearly show a difference in the central meridians of the
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substorm current systems for these two events. Rapid dipolarization occurred only near the
meridian of the magnetic reconnection site at geosynchronous altitude. Second, we examine the
events on 4 October 2015. At this time, Geotail was located in the far-dusk sector of the
magnetotail (Yesm = +18 Reg) and made in situ observation of magnetic reconnection. The
ground magnetic field data demonstrate the formation of the substorm current system on the far-
dusk side. Third, we examine the events on 4 October 2016, in which Geotail observed magnetic
reconnection in the far-dawn sector of the magnetotail (Yesm = —10 Re). Rapid dipolarization at
geosynchronous altitude proceeded at an unusually late magnetic local time (MLT) location (04
MLT). The substorm current system newly formed on the far-dawn side. These three events
clearly demonstrate that upward field-aligned currents flow in the field lines connected with
magnetic reconnection which proceeds in any MLT range.

3.1 The 16 September 2017 event

Figure 1 shows the ground magnetic field variations for the period from 0400 UT to 0600
UT on 16 September 2017. The H and D data from six US stations (the most western station
being Fresno FRN and the most eastern station being San Juan SJG) covering the 20-01 MLT
range are presented. There were two major substorm onsets near 0430 UT and 0500 UT
identified by positive bay onsets in H, even though the second substorm had multiple onset
signatures. The AL index exceeded —800 nT for the first substorm and —1000 nT (only a short
duration) for the second substorm, while the magnitude of the positive bay in H was nearly the
same for both events. A major difference was observed with respect of the central meridian of
the substorm current system. The central meridian for the first substorm was located between
Boulder (BOU; +D deflection at 21:11 MLT) and Stennis (BSL; —D deflection at 22:27 MLT),
while the central meridian for the second substorm was located near FRD (small positive D at
23:52 MLT). Note that the D defection was negative for the first substorm and positive for the
second substorm at BSL close to the meridian of the Geotail field line footpoint (approximately
22:30 MLT).

Magnetic Field HD
FRN H )
TUCH =/
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BOUH —/
BSLH —
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Figure 1. Ground magnetic field data (H and D components) from Fresno (FRN), Tucson
(TUC), Boulder (BOU), Stennis (BSL), Fredericksburg (FRD) and San Juan (SJG) for the period
of 0400-0600 UT on 16 September 2017. The vertical line on the right side corresponds to 30 nT
for FRN, TUC, BOU, BSL, and FRD and 15 nT for SJG.
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Figure 2. Magnetic reconnection observations by the spacecraft Geotail for the period of 0400
0600 UT on 16 September 2017. From top to bottom: magnetic field Bx, By, Bz, and Btotal (Bt)
[nT], ion flow velocity Vx and Vy [km s™*], number density [cm™3], electron temperature [keV]
and electron energy-time spectrogram. Electron counts are presented with a color code (red for
high flux and blue for low flux) in the energy (0.1-40 keV)-time spectrogram.
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Figure 2 shows the magnetic field and plasma observations made by Geotail at Xgsm =
—25.5 Rg, Yosm = +6.1 Rg, and Zesm = —0.7 Re at 0500 UT. For the second substorm, Geotail
observed fast tailward flows with negative Bz starting at 0452 UT. The flow velocity Vx became
nearly zero at 0500 UT, and new activity started after 0500 UT. An intense electron acceleration
occurred after 0505 UT, as identified by the disappearance of low-energy (< 1 keV) electrons in
the electron energy-time spectrogram. This is the most important key signature for magnetic
reconnection (e.g., Nagai, 2021). Simultaneously, the electron temperature rose to more than 10
keV and the electron flow velocity Vx exceeded —3500 km st (not shown) when the ion flow
velocity was —800 km s™*. The magnetic field By then became significantly positive in the
Southern Hemisphere (Bx < 0). These changes indicate ion-electron decoupling (Hall physics) in
the magnetic reconnection site. Conversely, no substorm onset signatures were observed inside
the plasma sheet for the 0430 UT onset substorm. Indeed, the plasma density slightly increased,
the plasma temperature slightly decreased, and there was no flow activity. Coupled with the
increase in the total magnetic field Bt, these are typical signatures of the substorm growth phase
in the plasma sheet (e.g., Nagai et al., 1997; Shukhtina et al., 2014).
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Figure 3. The magnetic field (H, V, D, and Btotal in nT and inclination in degrees) and the 30—
50-, 50-100-, 100-200-, 200-350-, and 350-600-keV electron and 80-110-, 110-170-, 170-250-
keV proton fluxes for GOES-15 and GOES-13 for the period of 0400-0600 UT on 16 September
2017. The electron and proton fluxes are given in cm2 s srt keV 2.
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Figure 3 shows the particle and magnetic field behaviors observed by GOES-15 at 135°
W and GOES-13 at 75° W. For the second substorm, intense dipolarization was observed only
by the eastern spacecraft GOES-13 (at 00:00 MLT). The electron fluxes showed increases, likely
recovery to the pre-substorm level in association with the dipolarization in the magnetic field.
The proton fluxes showed enhancement. There was an intense positive D spike during the
dipolarization, indicating the occurrence of proton injection. Proton injections are always
accompanied by a positive D perturbation indicating the flow of upward field-aligned currents
(Nagai et al., 2019). Furthermore, GOES-15 (at 4 h earlier MLT) observed energy-dispersive
drifting protons for the second substorm. These signatures indicate that intense dipolarization
took place near the GOES-13 median; this is consistent with the ground magnetic field
observations. For the first substorm at 0430 UT, dipolarization and proton injections were only
observed by GOES-15 (at 19:33 MLT).

2017/09/16
MLT
1I9 2|O 2|1 2|2 2|3 O|O Oll
Reconnection G 22:34 MLT
+—+ +—+ + _———- -
VIC NEW  TUC BSL FRD SIG
05:05 UT FRN BOU
N D
G15 G13
No G 22:28 MLT
+——+—+ Sttt o -
VIC NEW TUC BSL FRD SIG
04:32 UT, FRN BOU
D N
G15 G13

Figure 4. Summary of the 0505 UT and 0432 UT events on 16 September 2017. The Geotail
magnetic local time (MLT) location (represented by G) is shown at 22:34 MLT for the 0505 UT
event and at 22:28 MLT for the 0432 UT event. The D deflection at the ground station is
indicated by “+” for positive and “-* for negative at its MLT position. The positive D deflection
region corresponding to the upward field-aligned current region is indicated by a horizontal line,
while the negative D deflection region corresponding to the downward field-aligned current
region is indicated by a dashed horizontal line. The rapid dipolarization at geosynchronous
altitude is indicated by D with G13 indicating GOES-13 and with G15 indicating GOES-15. N
indicates less pronounced dipolarization.

These observations are summarized in Figure 4. For the second substorm near 0500 UT,
magnetic reconnection proceeded at Geotail in the 22:34 MLT meridian, just west of BSL (at
23:03 MLT), where the D deflection was positive, such that Geotail was located in the upward
field-aligned current region. For the first substorm at 0430 UT, Geotail was located at the 22:28
MLT meridian, where the negative D deflection was observed at the same meridian on the
ground (BSL was located at 22:27 MLT). Therefore, Geotail was in the downward field-aligned
current region.
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3.2 The 4 October 2015 event

An intense substorm (with a minimum AL of -1500 nT) started near 0600 UT on 4
October 2015 under highly active conditions. As can be seen in Figure 5, a positive bay was
recorded in the Pacific area, indicating that the substorm activity occurred on the far-dusk side.
Honolulu (HON; at 19:25 MLT) showed a positive D deflection, while Fresno (FRN; at 21:48
MLT) showed a negative D deflection. The central meridian of the substorm current system was
likely near Papeete (PPT; at 20:26 MLT).

Magnetic Field HD
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Figure 5. Ground magnetic field data (H and D) from Apia (API), Honolulu (HON), Papeete
(PPT), Fresno (FRN), Tucson (TUC), Boulder (BOU), Stennis (BSL), and Fredericksburg (FRD)
for the period of 0500-0700 UT on 4 October 2015. The sign of the D component from the
Southern Hemisphere stations APl and PPT is reversed. The vertical line on the right side
corresponds to 20 nT for API, PPT, and HON and 50 nT for the other stations. For D, the vertical
line on the right side corresponds to 10 nT for APl and PPT.

Geotail stayed at Xgsm = —23.6 R, Yesm = +18.4 Rg, and Zgsm = —0.5 Re for this
substorm and observed signatures of magnetic reconnection, as shown in Figure 6. There were a
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number of flow reversals with the Bz reversals, as well as simultaneous detections of electron
acceleration. GOES-15 (at 21:11 MLT) observed dipolarization and proton injections at 0550
UT, as shown in Figure 7, in an earlier MLT region in comparison to usual events (Nagai et al.,
2019). The D deflection at GOES-15 was positive and an intense positive D spike is associated
with the second proton injection, even though no or a negative deflection was observed in D at
FRN on the ground (Figure 5).
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Figure 6. Magnetic reconnection observations by the spacecraft Geotail for the period of 0500
0700 UT on 4 October 2015. From top to bottom: magnetic field Bx, By, Bz, and Btotal [nT],
ion flow velocity Vx and Vy [km s], number density [cm 2], electron temperature [keV] and
electron energy-time spectrogram.
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Figure 7. The magnetic field (H, V, D, and Bt in nT and inclination in degrees) and the 30-50-,
50-100-, 100-200-, 200-350-, and 350-600-keV electron and the 80-110-, 110-170-, 170-250-
keV proton fluxes for GOES-15 and GOES-13 for the period of 0500-0700 UT on 4 October
2015. The electron and proton fluxes are given in cm2 s srt kevV 2.

These observations are summarized in Figure 8. Because the Geotail footpoint was
located at the 19:43 MLT meridian (near the HON meridian), Geotail was in the upward field-
aligned current region. There was another substorm that started at 0525 UT on 4 October 2015,
and the center of this substorm current system was located between BOU (at 22:14 MLT) and
BSL (at 23:30 MLT). The MLT location of the substorm center was not extraordinary, and the
AL index exceeded -500 nT. Geotail did not detect any substorm signatures for this substorm,
even though Geotail was in the upward field-aligned current region.
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Figure 8. Summary of the 0605 UT and 0525 UT events on 4 October 2015, notation as in
Figure 4.

3.3 The 4 October 2016 event

Intense substorm activity occurred on 4 October 2016, and there were two clear positive
bays starting at 1150 UT and 1250 UT. Selected ground magnetic field data are presented in
Figure 9. D-component data from HON are not available. The D variations at Apia (API; west of
HON) and at Papetee (PPT; east of HON) were nearly the same. The central meridian of the
substorm current system was located near Charters Towers (CTA; at 21:59 MLT) for the 1150
UT onset substorm. For the 1250 UT onset substorm, the central meridian was located between
PPT (at 03:15 MLT) and FRN (at 04:38 MLT), unusually in the late morning sector.

Figure 10 shows the magnetic field and plasma observations made by Geotail. Geotail
observed electron heating at 1257 UT for the second substorm at Xesm = —23.4 Rg, Yesm = —9.9
Re and Zgsm = —1.8 Re. The Geotail footpoint was located at 01:34 MLT. Note that this
observation was made near the neutral sheet deep inside the plasma sheet, because Bx made the
zero crossing. Therefore, the accelerated electrons were not streaming near the tail lobe/plasma
sheet boundary. Indeed, the electron bulk velocity Vx exceeded —3000 km s (not shown) when
the ion bulk velocity Vx was —800 km s*. Geotail only observed MHD tailward flows for the
first substorm, and no in situ magnetic reconnection signatures were observed.

Figure 11 shows magnetic field and particle observations from GOES-15 at 135° W and
GOES-14 at 105° W. At 1257 UT, a sharp dipolarization with a negative D deflection took place
at GOES-15, which was located at 04:08 MLT. Variations at geosynchronous altitude are usually
gradual in this local time sector. There were nearly no changes at GOES-14 at 06:07 MLT. For
the first substorm starting at 1150 UT, GOES-15 and GOES-14 observed drifting (energy-
dispersive) protons and electrons and there were no significant changes in the magnetic field.

12
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326  Figure 9. Ground magnetic field data (H and D) from Kakioka (KAK), Charters Towers (CTA),

327  Canberra (CNB), Apia (API), Honolulu (HON), Papeete (PPT), and Fresno (FRN) for the period
328  0f 1130-1330 UT on 4 October 2016. The sign of the D component from the Southern

329  Hemisphere stations CTA, CNB, API, and PPT is reversed. The vertical line on the right side

330  corresponds to 20 nT for API, HON, and PPT and 30 nT for the other stations. For D, the vertical
331 line on the right side corresponds to 10 nT for APl and PPT.
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Geotail 2016 /10/04

Bx (nT)

o SN A

Y A Y\ ] e

Vx (km/s)

ZGEM '1.6

Figure 10. Magnetic reconnection observations by Geotail for the period of 1130-1330 UT on 4
October 2016. From top to bottom: magnetic field Bx, By, Bz, and Btotal [nT], ion flow velocity
Vx and Vy [km s1], number density [cm 2], electron temperature [keV] and electron energy-
time spectrogram.
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Figure 11. The magnetic field (H, V, D, and Bt in nT and inclination in degrees), the 30-50-,
50-100-, 100-200-, 200—350-, and 350-600-keV electron and, the 80-110-, 110-170-, 170-250-
keV proton fluxes for GOES-15 and GOES-13 for the period of 0400-0600 UT on 4 October
2016. The electron and proton fluxes are given in cm2 s srt kevV 2.

Figure 12 summarizes the observations for the 4 October 2016 events. During the second
substorm starting at 1250 UT, Geotail observed in situ magnetic reconnection even in the far-
dawn sector of the magnetotail at Yesm = —10 Re (at 01:34 MLT). For this substorm, the center
of the substorm current system formed near the 04:00 MLT meridian and rapid dipolarization
occurred even in the late morning sector at 04:08 MLT. Geotail was located in the upward field-
aligned current region during this substorm. Conversely, the first substorm starting at 1152 UT
did not show any unusual characteristics. The center of the substorm current system was located
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near the 22:00 MLT meridian, and almost no onset signatures were observed in the dawn sector
at geosynchronous altitude and in the magnetotail.

2016/10/04

MLT
2|1 2|2 2|3 OIO Oll 0|2 0|3 0|4 0|5 0|6
Reconnection G01:34 MLLT
+ +—+ +—+—X E——
KAK CA EYR HON PPT TUC
12:57 UT CNB API FRN BO[N
D
G15 Gl14
No G01:30 MLT
+ O ———— - - X n nn
KAK CTA EYR HON PPT TUC
11:52 UT CNB API N FRN B()lf\I
GI15 Gl4

Figure 12. Summary of the 1257 UT and 1152 UT events on 4 October 2016, notation as in
Figure 4.

4 Statistical studies

We conducted statistical studies to confirm the important findings in the event studies
described in Section 3 and to identify general characteristics of magnetic reconnection and its
related dynamics. We obtained 71 magnetic reconnection events from the 1994-2014 survey in
the magnetotail, Xesm < —20 Rg, with the primary selection criterion being electron
acceleration/heating during fast plasma flows (Nagai et al., 2015b). Using the same procedure,
we obtained 11 magnetic reconnection events in 2015-2017. We did not find observations of any
in situ magnetic reconnection events satisfying the adopted criteria in the period of 2018-2019,
primarily because Geotail was usually in the tail lobe in the tail season during these years. To
determine the central meridian of a substorm current system, we require digital ground magnetic
field data at mid-Ilatitudes from several stations for each event. Furthermore, we need to
unambiguously identify a positive bay signature. The adopted criterion was that the amplitude of
the positive bay exceeds 10 nT at least at one station for each event. Using this criterion, we
obtained 56 events (45 events in 1994-2014 and 11 events in 2015-2017). On average, there
were five stations for each event (including two stations with positive D variation and two
stations with negative D variation). In these 56 events, flow reversals (for example, the 04
October 2015event in Section 3.2) are observed for 42 events. Only tailward flows with electron
acceleration/heating (for example, the 16 September 2017 event in Section 3.1) are observed for
14 events, including the events in which Geotail entered the tail lobe. These are no differences in
their characteristics between these two classes, as described by Nagai et al. (2015b). Figure 13
shows the Geotail footpoint locations in the MLT versus the geomagnetic latitude diagram and
the GSM positions in the magnetotail x-y plane. The three events described in Section 3 are
indicated in the figure. The event distribution in Figure 13 does not differ significantly from that
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for the 71 events in the period of 1994-2014 (Figure 2 in Nagai et al., 2015b); therefore, no bias
associated with availability of ground magnetic field data was found. The GOES magnetic field
data can be examined for 18 events, because the GOES spacecraft need to be in the pre-midnight
sector to identify variations in the magnetic field.

56 events
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80
° o
3 ® 2. 2 %)
70 @ o$ %@ o 22
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60 | | | | |
MLT(hours)18 21 00 03
-107 ' Q1610004
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Figure 13. Location of magnetic reconnection events in the Geotail footpoint MLT versus the
geomagnetic latitude diagram (upper panel) and in the GSM x-y plane (lower panel). The three
dots indicate the events described in Section 3.
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396  Figure 14. Ground D variations during magnetic reconnection relative to the Geotail footpoint in
397  the MLT diagram. The upper panel shows all the data points (three different classes) from the 56
398  events, and the lower panel shows the D variations for each event (“+” for positive D, “— “ for
399  negative D, and “o0” for no variation).
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4.1 Ground D variations

Figure 14 shows the D deflection signs near the Geotail footpoint meridian for each event
(lower panel). The Geotail meridian spans from 20 MLT to 02 MLT, and many events are found
in the 22—-24 MLT sector. For these 56 magnetic reconnection events, a reasonable amount of
ground station data can be examined. Here, positive D deflections are denoted “+” and the
negative D deflections are denoted “—*. Cases in which there is nearly no deflection in D for the
positive H bay are denoted “0”. The D deflection is determined by the sign for the initial 10-min
time interval of the positive bay because Geotail almost always observed the magnetic
reconnection signatures during this time interval. The positive sign is given when the average D
value is > +1.0 nT, while the negative D sign is given when the average D value is <-1.0 nT.
When we adopt a 5-min time interval or a criterion of 2 nT, the general characteristics do not
change significantly and the number of stations with zero D deflection increase. Following the
computer calculations of these values, all data were plotted for visual inspection and no
significant errors in the procedure were found. For the low-latitude stations PPT (—15.11°
geomagnetic latitude) and API (—15.02° geomagnetic latitude), a D deflection of less than 1.0 nT
was adopted because these two stations are important for determining the D variations in the
Pacific sector. The upper panel of Figure 14 summarizes the three different classes of D behavior
(positive, zero, and negative) relative to the Geotail footpoint meridian.

Geotail is always located in the +D or zero D variation region. There are some events in
which negative D variations are observed just east of the Geotail footpoint meridian. For
example, at 2151 UT on 5 October 2015 (the 50" 15/10/05 2151 UT event in the lower panel of
Figure 14), the D variation was negative at Moscow (MOS; at 01:25 MLT) and Borok (BOX; at
01:33 MLT) and nearly zero at Kiev (KIV; at 00:53 MLT) when the Geotail footpoint was
located at 01:22 MLT. Unfortunately, Geotail magnetic field observations were not made
because the MGF instrument was stopped as a result of the eclipse (Geotail entered the Earth’s
shadow). The onboard data processing of the plasma measurements from LEP was incomplete
(probably caused by the eclipse), and only several data points from LEP are available. There is a
possibility that accelerated electrons were streaming near the plasma sheet boundary; however,
we could not examine the event itself in detail. Because the electron acceleration/heating was
evident, this event was selected for the present statistics. In the other cases in which negative D
deflections were observed just east of the Geotail footpoint meridian, there was a station in
which a positive D deflection was observed just west of that meridian.

The center of the substorm current system can be estimated if we allow for some
ambiguity. One method is to place the center of the substorm current system in between a station
with a positive D deflection and one with a negative D deflection. This method can be adopted
for 56 events. The other method is to place the center of the substorm current system at the
station with zero D deflection. This method can be used for 24 events. Because we use a variety
of geomagnetic latitude stations, it is impossible to quantitively evaluate the amplitude of the D
deflection. The magnetic reconnection site relative to the center of the substorm current system is
given in MLT in Figure 15. It is evident that magnetic reconnection is most frequently observed
just east of the center of the substorm current system, not at its center. Furthermore, magnetic
reconnection is preferentially observed only in the 2-h MLT range (39 out of 56 events). It is
important to account for the ambiguity in determining the center of the substorm current system.
The average separation between the station with positive D deflection and that with negative D
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deflection is 1.7-h, so that it is highly likely that the estimated center positions are scattered. The
MLT extent of magnetic reconnection is likely further confined and is estimated to be 1-h in
MLT.

+D -D

56

MLT O OOGD{ ﬂc»)ﬂs(t.l)) ((!I.-u,l'_.l;.l.l.lJ) O | ‘
dif -4 -3 -2 -1 0 1 2
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Figure 15. MLT location of the magnetic reconnection site relative to the center of the substorm
current wedge. The center of the current wedge is determined using positions with positive and
negative D variations (upper panel) and with zero D variation (lower panel).

4.2 Dipolarization at geosynchronous altitude

The GOES spacecraft observations have limitation. High time resolution (0.512-s)
magnetic field and electron and proton observations are only available for the events after 2015.
It is necessary to use 1-min average magnetic field data for the events in the period of 1994—
2014. Unfortunately, we only have a small number of events (6 events with high time resolution
data and 12 events with 1-min data) and there were no good Geotail-GOES conjunctions. We
classified the variations at geosynchronous altitude into four types: rapid dipolarization with
positive D deflection, rapid dipolarization with negative D deflection, slow dipolarization, and
no variation. Nagai et al. (2019) compiled the average variations in the magnetic field for
dipolarization associated with proton and electron injections at geosynchronous altitude. Rapid
dipolarization occurs within 4 min and the change in the H component is more than 10 nT: see
Figures 11 and 12 of Nagai et al. (2019). Here, we adopt the criterion that the H component of
the magnetic field changes more than 10 nT for the 5-min period for rapid dipolarization with the
1-min data. In most cases, there is a pair of GOES spacecraft (at 75° W and 135° W) available.
The data point from GOES-7 at 112° W for the 22 November 1994 event is plotted as a
dipolarization with a positive D deflection because the ground D deflection is positive at BOU at
125° W. Figure 16 shows substorm signatures at geosynchronous altitude relative to the Geotail
meridian in MLT. A rapid dipolarization with a positive D deflection occurs near the Geotail
footpoint meridian, while a rapid dipolarization with a negative D deflection occurs east of the
Geotail meridian. Slow dipolarization is observed far from the Geotail meridian. In MLTs very
far from the Geotail meridian, no variation is detected at geosynchronous altitude. The local time
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extent of the rapid dipolarization is consistent with previous statistical studies with medium time
resolution (less than 3 s) magnetic field data (e.g., Nagai, 1982, 1987, 1991).
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Figure 16. Magnetic field variations at geosynchronous altitude relative to the magnetic
reconnection site meridian. The upper panel shows a summary for four classes (rapid
dipolarization with positive D deflection, rapid dipolarization with negative D deflection, slow
dipolarization, and no variation) and the lower panel shows variations for individual events. ”d”
indicates dipolarization, and s” indicates slow dipolarization. The D deflection sign is also
indicated. ”no” indicates no changes.

5 Discussion

The findings in Sections 3 and 4 can be summarized as follows.
(1) Magnetic reconnection is observed in the upward field-aligned current region of the substorm
current system.
(2) The dawn—dusk extent of the magnetic reconnection site is limited to the 1-h local time sector
of the upward field-aligned current region, which is located just west of the center of the
substorm current system.
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(3) There are no examples in which magnetic reconnection proceeds in the downward field-
aligned current region of the substorm current system.

(4) When magnetic reconnection occurs in the far-dusk magnetotail, the center of the substorm
current system forms in the far-dusk sector.

(5) When magnetic reconnection occurs in the dawn magnetotail, the center of the substorm
current system forms in the dawn sector.

(6) Rapid dipolarization occurs with a positive D perturbation in the magnetic field at
geosynchronous altitude in the meridian of the magnetic reconnection site.

It is important to note that there is some ambiguity in linking of the magnetic
reconnection site to other magnetospheric and ionospheric processes. The calculation of the
Geotail footpoint depends on the magnetic field model for the field line tracing. Hall magnetic
fields are created near the magnetic reconnection site (e.g., Sonnerup, 1979; Nagai et al., 2001).
Positive By deflection is induced in the field lines in the Northern Hemisphere earthward of the
magnetic reconnection site, while negative By deflection is induced in the field lines in the
Southern Hemisphere. The Hall physics may not be included in the magnetic field model;
however, the By bending induced by Hall physics appears to be local in nature (Nagai et al.,
2011; 2013a; 2013b; 2015a). It is likely that there are no large systematic errors in determining
the footpoint MLT. It is difficult to quantitatively evaluate the ground magnetic field variations
over a wide area using the limited number of available stations. For most events, we had five
ground stations. We used the events in which a ground station was available near the Geotail
footpoint. Ground magnetic field variations include effects from various current systems
including previously occurring substorm activities. We can identify a newly formed positive bay
signatures for each event. In our analyses, we checked the solar wind conditions, especially the
dynamic pressure changes, using the OMNI data. Any changes in the solar wind were excluded
from these analyses. Even though there might be other factors affecting our analyses, the results
derived in this study are robust and consistent.

Note that the D deflection signatures at geosynchronous altitude can be different from
those on the ground near the center of the substorm current system. A D deflection is always
accompanied by dipolarization in the field in all MLT regions (Nagai, 1982, 1991). The D
defection signs are the same in both the morning and evening sectors. However, irregular
disturbances in D can be found at geosynchronous altitude in the pre-midnight sector (Nagai,
1987). Conversely, the D deflection is rather smooth on the ground and, occasionally, no D
defection is detected near the center of the substorm current system where the magnitude of a
positive bay has its maximum (see, for example, the 4 October 2015 and 4 October 2016 events).
This is easily understandable. The ground variations are produced by an integrated effect of the
large-scale current system, while the variations at geosynchronous altitude are largely
determined by nearby local currents, as suggested by the simple model (e.g., Nagai, 1987). These
previous results are based on analyses using 3 s GOES magnetic field data. A recent study using
the high time-resolution (0.512 s) magnetic field data with simultaneous proton and electron
observations shows much more spikey positive D variations in association with proton injections
at geosynchronous altitude, and intense dipolarization in the field takes place with proton
injection just west of the D sign change, rather than at the D sign change meridian (Nagai et al.,
2019). A positive D spike indicating an upward field-aligned current can be detected at the
meridian where the ground D deflection is nearly zero (Nagai et al., 2019). Unfortunately, the
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GOES magnetic field data can be examined only for a limited number of events (18 events) and
the high time resolution data are even further limited (6 events). The finding of the statistical
study is straightforward: a rapid dipolarization with a positive D spike forms in the magnetic
field at geosynchronous altitude near the magnetic reconnection site meridian.

One might expect there to be a lot of conjunctions between Geotail and the various
spacecraft. MMS was located in the inner magnetosphere (at radial distances of 7.6-8.4 Rg) near
the Geotail meridian for the 16 September 2017 event (Section 3.1). MMS Plasma observations
were turned off during this event. MMS observed dipolarization around 0500 UT near the 2150
MLT meridian and almost no variations (only a slight increase in Bz) in the magnetic field for
the 0430 UT substorm near the 21:35 MLT meridian. The observations provided by MMS
confirm the results from the Geotail-GOES pairs but do not add any further information. We did
not find any good conjunctions of Geotail with Cluster or THEMIS. The direct causality of
magnetic reconnection in the mid-tail with respect to dipolarization in the inner magnetosphere
will be strengthened with increased numbers of events observed by future multipoint missions.

Figure 17. Schematic of the magnetotail dynamics for the expansion phase of a substorm.
Magnetic reconnection forms with a dawn—dusk width of approximately 4 Re beyond Xgswm =
—20 Re. Black curves present the magnetic field lines. Field-aligned currents carried by
accelerated electrons flow only when the field lines are connected with the magnetic
reconnection site. The field lines are transported with earthward flows, resulting in dipolarization
in the inner magnetosphere.
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The presented study helps refine our understating of the roles of earthward outflows from
magnetic reconnection in substorm dynamics. Figure 17 shows a schematic of the substorm
dynamics derived from the presented results and previous studies; this is a modification of the
schematic presented by Fairfield et al. (1999). In Figure 17, the time evolution of the reconnected
field lines is schematically illustrated. Magnetic reconnection forms on the X-line beyond Xgsm
=—20 Re for a limited dawn—dusk length. The high occurrence of magnetic reconnection in the
MLT range (Figure 15) suggests the length of 4 Re in the dawn-dusk direction at a radial
distance of 25 Re if we adopt the Tsyganenko TA15 magnetic field model (Tsyganenko &
Andreeva, 2015). The short dawn-dusk length of the X-line implies that magnetic reconnection
has the two-dimensional structure in the magnetotail and that any three-dimensional effects
might not arose for magnetic reconnection in the near-Earth magnetotail. Indeed, the structure of
magnetic reconnection in the near-Earth magnetotail is fully consistent with a picture from two-
dimensional full-particle simulations (e.g., Nagai et al., 2011; Zenitani & Nagai, 2016).

Accelerated electrons in the magnetic reconnection site can become field-aligned
outflows near the separatrix (e.g., Nagai et al., 1998, 2001). Because the electron flow speed
significantly exceeds the ion flow speed, these electron outflows can become upward (from the
ionosphere to the tail) field-aligned currents. The Hall electrons flowing into the magnetic
reconnection site co-exist in the outer part of the separatrix layer and form the bi-directional
electron distributions (e.g., Nagai et al., 1998, 2001). The Hall electrons can form downward
(from the tail into the ionosphere) field-aligned currents. The current structure in the vicinity of
the magnetic reconnection site is presented in Nagai et al. (2003). The double-current sheet
structure is a natural consequence of magnetic reconnection and should be confined to a limited
sector. Indeed, a double-current sheet structure is observed in the pre-midnight sector in the
vicinity of the geosynchronous altitude (Nagai et al., 1987).

The earthward outflow from the magnetic reconnection near the equatorial plane
immediately transforms into MHD flows (Nagai et al., 2011, 2013b) in a spatially limited flow
channel carrying magnetic flux, and likely results in dipolarization in the magnetic field in the
inner magnetosphere. It is well established that dipolarization starts in a limited (likely less than
1-h) local time sector in the pre-midnight region at geosynchronous altitude (e.g., Nagai, 1982,
1987). Furthermore, it is known that intense upward field-aligned currents exist in the confined
region in association with a westward traveling surge on the evening side and that the downward
field-aligned current layer exists north of the intense upward field-aligned currents. This is
demonstrated by the modeling from ground magnetic field observations by Inhester et al. (1981)
and the direct low-altitude satellite Dynamics Explorer observations by Hoffman et al. (1994).
The electric field is southward there in the Northern Hemisphere, such that the electric field
direction is consistent with the negative Hall electric field (Ez < 0 above the neutral sheet and Ez
> 0 below the neutral sheet) in the ion-electron decoupling region of magnetic reconnection. It is
expected that the current system in the vicinity of the magnetic reconnection site is connected to
the current system just above the ionosphere.

Generation mechanisms of the substorm current system, which can be simplified as a

substorm current wedge, have been proposed, staring with the pioneering study by Vasyliunas
(1970). A comprehensive review of current knowledge is given by Kepko et al. (2015). An
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intense and narrow earthward flow induces vortex-like motions and pressure changes on both
sides. It is possible that downward field-aligned currents on the morning side and upward field-
aligned currents on the evening side can be produced by this mechanism and the current wedge
can be modeled using computer simulations (e.g., Birn and Hesse, 1991). Recently, Chu et al.
(2021) provided an event study supporting this scenario, even though an in situ observation of
magnetic reconnection was not identified during their event. Their study suggests that the field-
aligned currents contributing to the ground magnetic field variations are generated in the much
more near-Earth magnetotail (inside 15 Re), where the earthward flow makes dawnward and
duskward diversions. This is highly possible because flow diversions can be found near a radial
distance of 10 Re in the magnetotail in spacecraft observations (e.g., Nagai et al., 2000) and the
dipolarization sector expands dawnward and duskward at geosynchronous altitude (e.g., Nagai,
1982). However, this generation mechanism cannot produce any intense currents in the flow
channel itself. The field-aligned current signatures are always observed with dipolarization and
the most intense signatures appear for upward field-aligned currents at geosynchronous altitude
(Nagai et al., 2019).

There is a possibility that the field-aligned current signatures at geosynchronous altitude
can be classified into three types. Nagai et al. (2019) compiled the average D variations
constructed via superposed epoch analyses using three simultaneous spacecraft observations at
geosynchronous altitude. The timing of the proton injection and the rapid electron flux increase
is used as the zero epoch (it is difficult to discriminate injection from flux recovery due to the
adiabatic process in the electron flux data). The positive D variations are sharp and spiky at
positions where proton injection occurs simultaneously. This behavior is primarily observed in
the pre-midnight region. The positive D variations in the early evening sector are more gradual.
The negative D variations are always long-lived even when electron injections are
simultaneously observed, and the negative D perturbations become much more gradual in the
morning sector. The gradual positive D variations in the early evening region and the gradual
negative D variations, as well as all D variations on the ground can be attributed to the effect of
the vortex-induced and pressure-change-induced field-aligned currents. Spiky positive D
variations are likely caused by localized upward field-aligned currents connected with the
magnetic reconnection site. The effect of the localized upward field-aligned currents might be
minimized with the integration effect of the large-scale current system. The complex D
variations at the pre-midnight geosynchronous altitude can be attributed to the double-current
structure connected with the magnetic reconnection site. Comparisons of the D signatures at
geosynchronous altitude and those on the ground need to be further investigated.

6 Conclusions

In this study, ground magnetic field and geosynchronous substorm signatures were
examined for magnetic reconnection events observed in the near-Earth magnetotail. The
principal finding, which might be somewhat unexpected, is that in situ magnetic reconnection
observations in the near-Earth magnetotail are only found in the upward field-aligned current
regions of the substorm current system. Furthermore, magnetic reconnection occurs on the X-line
with the 1-hr dawn—dusk length, which is located just west of the center of the substorm current
system. The short X-line length implies that magnetic reconnection for substorm onsets is two-
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dimensional in nature. Magnetic reconnection in the far-dusk and far-dawn sectors is associated
with a newly formed substorm current system in the same local time sector; therefore, there is no
dawnward or duskward extension of the X-line for magnetic reconnection in the near-Earth
magnetotail. The presented study refines our understanding of substorm dynamics. It is likely
that an intense and localized upward field-aligned current is directly connected with the current
system formed in the magnetic reconnection site in the near-Earth magnetotail. An intense
dipolarization in the inner magnetosphere is produced with earthward outflows from the
magnetic reconnection site. Even though the vortex motions and plasma pressure changes in the
plasma sheet induced by the earthward outflows are thought to be candidates for the whole
substorm current system, their contribution is likely confined to the downward field-aligned
currents in the morning sector and the upward field-aligned currents in the early evening sector.
Geotail has had a number of encounters with magnetic reconnection in the near-Earth
magnetotail during its long observation period; however, good conjunctions with other spacecraft
are limited. It is desirable to confirm the presented results with various multipoint observations
in space. Furthermore, a formation mechanism for the limited dawn—-dusk length X-line in the
near-Earth magnetotail needs to be explored.
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Figure Captions

Figure 1. Ground magnetic field data (H and D components) from Fresno (FRN), Tucson
(TUC), Boulder (BOU), Stennis (BSL), Fredericksburg (FRD) and San Juan (SJG) for the period
of 0400-0600 UT on 16 September 2017. The vertical line on the right side corresponds to 30 nT
for FRN, TUC, BOU, BSL, and FRD and 15 nT for SJG.
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Figure 2. Magnetic reconnection observations by the spacecraft Geotail for the period of 0400—
0600 UT on 16 September 2017. From top to bottom: magnetic field Bx, By, Bz, and Btotal (Bt)
[nT], ion flow velocity Vx and Vy [km s™1], number density [cm~3], electron temperature [keV]
and electron energy-time spectrogram. Electron counts are presented with a color code (red for
high flux and blue for low flux) in the energy (0.1-40 keV)-time spectrogram.

Figure 3. The magnetic field (H, V, D, and Btotal in nT and inclination in degrees) and the 30—
50-, 50-100-, 100-200-, 200-350-, and 350-600-keV electron and 80-110-, 110-170-, 170-250-
keV proton fluxes for GOES-15 and GOES-13 for the period of 0400-0600 UT on 16 September
2017. The electron and proton fluxes are given in cm2 s srt kevV 2.

Figure 4. Summary of the 0505 UT and 0432 UT events on 16 September 2017. The Geotail
magnetic local time (MLT) location (represented by G) is shown at 22:34 MLT for the 0505 UT
event and at 22:28 MLT for the 0432 UT event. The D deflection at the ground station is
indicated by “+” for positive and “-* for negative at its MLT position. The positive D deflection
region corresponding to the upward field-aligned current region is indicated by a horizontal line,
while the negative D deflection region corresponding to the downward field-aligned current
region is indicated by a dashed horizontal line. The rapid dipolarization at geosynchronous
altitude is indicated by D with G13 indicating GOES-13 and with G15 indicating GOES-15. N
indicates less pronounced dipolarization.

Figure 5. Ground magnetic field data (H and D) from Apia (API), Honolulu (HON), Papeete
(PPT), Fresno (FRN), Tucson (TUC), Boulder (BOU), Stennis (BSL), and Fredericksburg (FRD)
for the period of 0500-0700 UT on 4 October 2015. The sign of the D component from the
Southern Hemisphere stations APl and PPT is reversed. The vertical line on the right side
corresponds to 20 nT for API, PPT, and HON and 50 nT for the other stations. For D, the vertical
line on the right side corresponds to 10 nT for APl and PPT.

Figure 6. Magnetic reconnection observations by the spacecraft Geotail for the period of 0500—
0700 UT on 4 October 2015. From top to bottom: magnetic field Bx, By, Bz, and Btotal [nT],
ion flow velocity Vx and Vy [km s, number density [cm~], electron temperature [keV] and
electron energy-time spectrogram.

Figure 7. The magnetic field (H, V, D, and Bt in nT and inclination in degrees) and the 30-50-,
50-100-, 100-200-, 200-350-, and 350-600-keV electron and the 80-110-, 110-170-, 170-250-
keV proton fluxes for GOES-15 and GOES-13 for the period of 0500-0700 UT on 4 October
2015. The electron and proton fluxes are given incm2ssrt kev 2.

Figure 8. Summary of the 0605 UT and 0525 UT events on 4 October 2015, notation as in
Figure 4.
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Figure 9. Ground magnetic field data (H and D) from Kakioka (KAK), Charters Towers (CTA),
Canberra (CNB), Apia (API), Honolulu (HON), Papeete (PPT), and Fresno (FRN) for the period
of 1130-1330 UT on 4 October 2016. The sign of the D component from the Southern
Hemisphere stations CTA, CNB, API, and PPT is reversed. The vertical line on the right side
corresponds to 20 nT for API, HON, and PPT and 30 nT for the other stations. For D, the vertical
line on the right side corresponds to 10 nT for APl and PPT.

Figure 10. Magnetic reconnection observations by Geotail for the period of 1130-1330 UT on 4
October 2016. From top to bottom: magnetic field Bx, By, Bz, and Btotal [nT], ion flow velocity
Vx and Vy [km s71], number density [cm], electron temperature [keV] and electron energy-
time spectrogram.

Figure 11. The magnetic field (H, V, D, and Bt in nT and inclination in degrees), the 30-50-,
50-100-, 100-200-, 200-350-, and 350-600-keV electron and, the 80-110-, 110-170-, 170-250-
keV proton fluxes for GOES-15 and GOES-13 for the period of 0400-0600 UT on 4 October
2016. The electron and proton fluxes are given in cm2 st srt kev .

Figure 12. Summary of the 1257 UT and 1152 UT events on 4 October 2016, notation as in
Figure 4.

Figure 13. Location of magnetic reconnection events in the Geotail footpoint MLT versus the
geomagnetic latitude diagram (upper panel) and in the GSM x-y plane (lower panel). The three
dots indicate the events described in Section 3.

Figure 14. Ground D variations during magnetic reconnection relative to the Geotail footpoint in
the MLT diagram. The upper panel shows all the data points (three different classes) from the 56
events, and the lower panel shows the D variations for each event (“+” for positive D, “— “ for
negative D, and “0” for no variation).

Figure 15. MLT location of the magnetic reconnection site relative to the center of the substorm
current wedge. The center of the current wedge is determined using positions with positive and
negative D variations (upper panel) and with zero D variation (lower panel).

Figure 16. Magnetic field variations at geosynchronous altitude relative to the magnetic
reconnection site meridian. The upper panel shows a summary for four classes (rapid
dipolarization with positive D deflection, rapid dipolarization with negative D deflection, slow
dipolarization, and no variation) and the lower panel shows variations for individual events. ”d”
indicates dipolarization, and ”’s” indicates slow dipolarization. The D deflection sign is also
indicated. ”no” indicates no changes.

Figure 17. Schematic of the magnetotail dynamics for the expansion phase of a substorm.
Magnetic reconnection forms with a dawn—dusk width of approximately 4 Re beyond Xgsm =
—20 Re. Black curves present the magnetic field lines. Field-aligned currents carried by
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914  accelerated electrons flow only when the field lines are connected with the magnetic
915  reconnection site. The field lines are transported with earthward flows, resulting in dipolarization
916  in the inner magnetosphere.
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