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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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Abstract 17 

The dawn–dusk confinement of magnetic reconnection site in the near-Earth magnetotail is 18 

established on the basis of Geotail observations. Geotail has made more than 50 encounters with 19 

magnetic reconnection in association with the onset of substorms in the near-Earth magnetotail at 20 

radial distances of 20–30 RE in the period of 1994–2019. Ground magnetic field observations are 21 

examined for these events, and geosynchronous spacecraft observations are investigated for a 22 

limited number of cases. The magnetic reconnection site is located in the upward (from the 23 

ionosphere to the tail) field-aligned current part of large-scale substorm current system derived 24 

from ground mid-latitude magnetic variations. The site is confined to the localized dawn–dusk 25 

extent of the 1-h local time, just west of the center of the large-scale substorm current system. 26 

The short dawn-dusk length of the X-line implies that magnetic reconnection inherently proceeds 27 

as the two-dimensional dynamics in the magnetotail meridional plane. Rapid dipolarization with 28 

upward field-aligned currents occurs at geosynchronous altitude near the meridian of the 29 

magnetic reconnection site. This study demonstrates that rapid dipolarization in the inner 30 

magnetosphere is produced with earthward outflows from magnetic reconnection and that 31 

intense upward field-aligned currents are a direct consequence of magnetic reconnection. 32 

1 Introduction 33 

Magnetic reconnection is a primary engine for the dynamics of magnetospheric 34 

substorms. Energy is accumulated in the magnetotail during the growth phase of substorms, and 35 

is explosively released via magnetic reconnection during the expansion phase of substorms. 36 

Magnetic reconnection initially forms in the near-Earth magnetotail at a downtail distance from 37 

−20 RE to −30 RE (e.g., Nagai et al., 1998). Fast tailward plasma flows with southward magnetic 38 

fields are identified as signatures of magnetic reconnection tailward of the magnetic reconnection 39 

site and are frequently observed during substorm activities with spacecraft (e.g., Interplanetary 40 

Monitoring Platform IMP–6, IMP–8, Geotail, Cluster, Time History of Events and Macroscale 41 

Interactions during Substorms THEMIS, and recently Magnetospheric Multiscale MMS) at 42 

radial distances of > 20 RE (e.g., Hones & Schinder, 1977; Nagai & Machida,1998; Eastwood et 43 

al., 2010; Imber et al., 2011; Torbert et al., 2018). However, in situ observations of magnetic 44 

reconnection are fairly rare even when spacecraft are at downtail distances from −20 RE to −30 45 

RE. Magnetic reconnection proceeds along the X-line, and its width in the tail direction is 46 

estimated to be less than a few ion inertial lengths (e.g., Nagai et al., 2011, 2013b). The dawn–47 

dusk length of the X-line has not been unambiguously determined, because there are no in situ 48 

observations for magnetic reconnection with two or more separated positions in the dawn–dusk 49 

direction of the magnetotail. Nagai et al. (2015b) compiled a survey of magnetic reconnection 50 

events observed in the near-Earth magnetotail by Geotail in the period of 1994–2014. Magnetic 51 

reconnection can be found in the large dawn–dusk spatial region from Y = +15 RE to Y = −10 RE 52 

(see also Genestreti et al., 2013, 2014). Magnetic reconnection in the far-dusk and far-dawn 53 

sectors of the magnetotail tends to occur during highly disturbed (large Kp) conditions and seems 54 

to be associated with a large-scale substorm. It can be imagined that the X-line extends in the 55 

dawn–dusk direction. Indeed, Nakamura et al. (2012) suggested the dawnward development of 56 

the magnetic reconnection site in Hall magnetohydrodynamic (MHD) simulations (see also Huba 57 

& Rudakov, 2002; Shay et al., 2003). However, a long dawn–dusk length of the X-line appears 58 

to be inconsistent with the rare encounters of the magnetic reconnection site in spacecraft 59 

observations. 60 

 61 



manuscript submitted to replace this text with name of AGU journal 

3 

 

In 2015–2019, the National Oceanic and Atmospheric Administration Geostationary 62 

Operational Environmental Satellites GOES made continuous energetic proton and electron 63 

observations with high time resolution magnetic field measurements at multiple positions at 6.6 64 

RE (see Nagai et al., 2019). A large number of digital ground magnetic field data then became 65 

available. Fortunately, Geotail returned to the plasma sheet in 2015–2017 after a long stay in the 66 

tail lobes in its tail seasons and was able to provide in situ observations of magnetic 67 

reconnection. We investigate the relationship between the magnetic reconnection site and the 68 

substorm current system inferred from the ground magnetic field observations. A substorm 69 

current system can be modeled using the concept of a substorm current wedge proposed by 70 

McPherron et al. (1973). A current wedge is composed of downward (into the ionosphere) field-71 

aligned currents in the eastern part and upward (from the ionosphere) field-aligned currents in 72 

the western part. These field-aligned currents produce a positive bay signature in the northward 73 

component, H, of the magnetic field at mid- and low-latitudes on the ground. The effect of these 74 

field-aligned currents is observed as changes in the east-west component, D, of the magnetic 75 

field at mid-latitudes on the ground and in the vicinity of the geosynchronous altitude in space. 76 

The eastern downward field-aligned currents produce negative D variations (the western 77 

deflection) and the western upward field-aligned currents produce positive D variations (the 78 

eastward deflection) in the Northern Hemisphere (e.g., Nagai, 1982, 1987). The D sign is 79 

opposite in the Southern Hemisphere. A simple line current model with the dawn–dusk 80 

symmetric structure is given by Nagai (1987), and the center of the current wedge can be 81 

estimated at the meridian of zero D deflection, where the positive H bay has its peak amplitude. 82 

However, it is known that a real substorm current system shows strong dawn–dusk asymmetry 83 

(e.g., Baumjohann et al., 1981). The western upward field-aligned currents are intense and highly 84 

localized and are likely connected with active aurorae, such as the westward traveling surge. The 85 

eastern downward field-aligned currents are less intense but are widely distributed in the 86 

morning sector. There are events in which the longitudinal range of the negative D deflection is 87 

wider than that of the positive D deflection (e.g., Clauer and McPherron, 1974). However, the 88 

zero D deflection meridian is used as the center of the substorm current system in this paper for 89 

simplicity.  90 

 91 

This study presents the somewhat unexpected result that magnetic reconnection in the 92 

near-Earth magnetotail is observed only in the upward field-aligned current region. Magnetic 93 

reconnection in the far-dusk (+Y) and far-dawn (−Y) sectors of the magnetotail is associated 94 

with a newly formed substorm current wedge in these regions. Furthermore, rapid dipolarization 95 

at geosynchronous altitude occurs only near the magnetic reconnection meridian. These results 96 

are verified with statistical studies with more than 50 events. The statistical studies clearly 97 

demonstrate the dawn–dusk confinement of the magnetic reconnection site in the near-Earth 98 

magnetotail. 99 

 100 

In this paper, Section 2 describes the data used in this study. Section 3 describes three 101 

clear-cut events showing the relationship between the magnetic reconnection site and the 102 

substorm current system and dipolarization at geosynchronous altitude. Section 4 describes the 103 

statistical studies. Section 5 discusses the significance of the present results with respect to the 104 

substorm dynamics. The conclusions are given in Section 6. Signatures of in situ magnetic 105 

reconnection in the magnetic field and plasma observations with Geotail have already been 106 

described in detail in previous studies (Nagai et al., 1998, 2001, 2011, 2013a, 2013b, 2015a, 107 
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2015b) with a review given by Nagai (2021), and are known to be common in spacecraft 108 

observations, e.g., Cluster, THEMIS, and MMS (Nakamura et al., 2006; Oka et al., 2016: Torbert 109 

et al., 2018); therefore, we only present the key signatures for the magnetic reconnection events 110 

in this paper. The most essential signature is strong electron acceleration/heating during high-111 

speed plasma flows. Various expected Hall physics of magnetic reconnection can be found with 112 

electron acceleration/heating, as discussed in detail in, e.g., Nagai et al. (2011, 2013b). Hence, 113 

the magnetic reconnection site, which is also called the X-line in appropriate cases, is defined as 114 

the region where electrons show acceleration/heating.  115 

2 Data 116 

In situ magnetic reconnection observations were made with the spacecraft Geotail. The 117 

magnetic field data were obtained with the magnetic field experiment MGF (Kokubun et 118 

al.,1994), and the ion and electron data were obtained with the low-energy plasma experiment 119 

LEP (Mukai et al., 1994). Full energy-time spectrograms for the ions and electrons from LEP, 120 

which are the most fundamental data used to identify magnetic reconnection, are given on the 121 

Institute of Space and Astronautical Science (ISAS) website, and can be obtained on the 122 

CDAWeb site. The Geotail data are given using the geocentric solar magnetospheric (GSM) 123 

coordinate system. For the event studies during the period of 2015–2017, we used data obtained 124 

by GOES-13 at 75° W, GOES-14 at 105° W, and GOES-15 at 135° W. Magnetic field data with 125 

a time resolution of 0.512 s are given using in the VDH coordinate system. In the VDH system, 126 

H (pointing northward) is antiparallel to the Earth’s dipole axis, D (azimuthal east) is orthogonal 127 

to H and a radius vector to the satellite, and V (nearly radial outward) completes the Cartesian 128 

coordinate system. Therefore, the directions of the H and D components are the same as those 129 

used for the ground magnetic field data. The Energetic Particle Sensor MAGnetospheric Proton 130 

Detector provides proton (>80 keV) fluxes in five channels and the Energetic Particle Sensor 131 

MAGnetospheric Electron Detector provides electron (>30 keV) fluxes in five channels; more 132 

detailed information is available in Nagai et al. (2019). In addition, we use 1-min average 133 

magnetic field data from other GOES spacecraft. The ground magnetic field data consist of 1-s 134 

digital data (from Kakioka and US stations) and 1-min digital data (from other stations). 135 

However, some data from the US stations (mostly prior to 2010) are 1-min digital data. In this 136 

study, the magnetic field data are presented using the H (northward) component and D 137 

(eastward) component. Even when the digital data are given as X- and Y-component data, these 138 

data are used as H- and D-component data. The data used in this study are from mid- and low-139 

latitude stations; therefore, there is no significant discrepancy between these two coordinate 140 

systems. The station name and ABB (abbreviation) code are used according to the World Data 141 

Center for Geomagnetism, Kyoto, Data Catalogue, No. 32. The information for the geographic 142 

and geomagnetic locations of the ground stations are presented in the Data Catalogue. In this 143 

study, the Geotail footpoint is determined via SSCWEB and all local magnetic time values are 144 

calculated using GEOPAC. 145 

3 Event studies 146 

We first examine the events on 16 September 2017 (Section 3.1). Two substorms 147 

successively occurred when Geotail was in the dusk magnetotail where magnetic reconnection is 148 

most frequently observed. Geotail made in situ observation of magnetic reconnection for the 149 

second substorm; however, no reconnection signatures were detected for the first substorm. The 150 

ground magnetic field observations clearly show a difference in the central meridians of the 151 
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substorm current systems for these two events. Rapid dipolarization occurred only near the 152 

meridian of the magnetic reconnection site at geosynchronous altitude. Second, we examine the 153 

events on 4 October 2015. At this time, Geotail was located in the far-dusk sector of the 154 

magnetotail (YGSM = +18 RE) and made in situ observation of magnetic reconnection. The 155 

ground magnetic field data demonstrate the formation of the substorm current system on the far-156 

dusk side. Third, we examine the events on 4 October 2016, in which Geotail observed magnetic 157 

reconnection in the far-dawn sector of the magnetotail (YGSM = −10 RE). Rapid dipolarization at 158 

geosynchronous altitude proceeded at an unusually late magnetic local time (MLT) location (04 159 

MLT). The substorm current system newly formed on the far-dawn side. These three events 160 

clearly demonstrate that upward field-aligned currents flow in the field lines connected with 161 

magnetic reconnection which proceeds in any MLT range. 162 

3.1 The 16 September 2017 event 163 

Figure 1 shows the ground magnetic field variations for the period from 0400 UT to 0600 164 

UT on 16 September 2017. The H and D data from six US stations (the most western station 165 

being Fresno FRN and the most eastern station being San Juan SJG) covering the 20–01 MLT 166 

range are presented. There were two major substorm onsets near 0430 UT and 0500 UT 167 

identified by positive bay onsets in H, even though the second substorm had multiple onset 168 

signatures. The AL index exceeded −800 nT for the first substorm and −1000 nT (only a short 169 

duration) for the second substorm, while the magnitude of the positive bay in H was nearly the 170 

same for both events. A major difference was observed with respect of the central meridian of 171 

the substorm current system. The central meridian for the first substorm was located between 172 

Boulder (BOU; +D deflection at 21:11 MLT) and Stennis (BSL; −D deflection at 22:27 MLT), 173 

while the central meridian for the second substorm was located near FRD (small positive D at 174 

23:52 MLT). Note that the D defection was negative for the first substorm and positive for the 175 

second substorm at BSL close to the meridian of the Geotail field line footpoint (approximately 176 

22:30 MLT). 177 

 178 
Figure 1. Ground magnetic field data (H and D components) from Fresno (FRN), Tucson 179 

(TUC), Boulder (BOU), Stennis (BSL), Fredericksburg (FRD) and San Juan (SJG) for the period 180 

of 0400–0600 UT on 16 September 2017. The vertical line on the right side corresponds to 30 nT 181 

for FRN, TUC, BOU, BSL, and FRD and 15 nT for SJG. 182 
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 183 

 184 
 185 

Figure 2. Magnetic reconnection observations by the spacecraft Geotail for the period of 0400–186 

0600 UT on 16 September 2017. From top to bottom: magnetic field Bx, By, Bz, and Btotal (Bt) 187 

[nT], ion flow velocity Vx and Vy [km s−1], number density [cm−3], electron temperature [keV] 188 

and electron energy-time spectrogram. Electron counts are presented with a color code (red for 189 

high flux and blue for low flux) in the energy (0.1–40 keV)-time spectrogram. 190 

 191 
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Figure 2 shows the magnetic field and plasma observations made by Geotail at XGSM = 192 

−25.5 RE, YGSM = +6.1 RE, and ZGSM = −0.7 RE at 0500 UT. For the second substorm, Geotail 193 

observed fast tailward flows with negative Bz starting at 0452 UT. The flow velocity Vx became 194 

nearly zero at 0500 UT, and new activity started after 0500 UT. An intense electron acceleration 195 

occurred after 0505 UT, as identified by the disappearance of low-energy (< 1 keV) electrons in 196 

the electron energy-time spectrogram. This is the most important key signature for magnetic 197 

reconnection (e.g., Nagai, 2021). Simultaneously, the electron temperature rose to more than 10 198 

keV and the electron flow velocity Vx exceeded −3500 km s−1 (not shown) when the ion flow 199 

velocity was −800 km s−1. The magnetic field By then became significantly positive in the 200 

Southern Hemisphere (Bx < 0). These changes indicate ion-electron decoupling (Hall physics) in 201 

the magnetic reconnection site. Conversely, no substorm onset signatures were observed inside 202 

the plasma sheet for the 0430 UT onset substorm. Indeed, the plasma density slightly increased, 203 

the plasma temperature slightly decreased, and there was no flow activity. Coupled with the 204 

increase in the total magnetic field Bt, these are typical signatures of the substorm growth phase 205 

in the plasma sheet (e.g., Nagai et al., 1997; Shukhtina et al., 2014). 206 

 207 

 208 
 209 

Figure 3. The magnetic field (H, V, D, and Btotal in nT and inclination in degrees) and the 30–210 

50-, 50–100-, 100–200-, 200–350-, and 350–600-keV electron and 80–110-, 110–170-, 170–250-211 

keV proton fluxes for GOES-15 and GOES-13 for the period of 0400–0600 UT on 16 September 212 

2017. The electron and proton fluxes are given in cm−2 s−1 sr−1 keV−1. 213 

 214 
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Figure 3 shows the particle and magnetic field behaviors observed by GOES-15 at 135° 215 

W and GOES-13 at 75° W. For the second substorm, intense dipolarization was observed only 216 

by the eastern spacecraft GOES-13 (at 00:00 MLT). The electron fluxes showed increases, likely 217 

recovery to the pre-substorm level in association with the dipolarization in the magnetic field. 218 

The proton fluxes showed enhancement. There was an intense positive D spike during the 219 

dipolarization, indicating the occurrence of proton injection. Proton injections are always 220 

accompanied by a positive D perturbation indicating the flow of upward field-aligned currents 221 

(Nagai et al., 2019). Furthermore, GOES-15 (at 4 h earlier MLT) observed energy-dispersive 222 

drifting protons for the second substorm. These signatures indicate that intense dipolarization 223 

took place near the GOES-13 median; this is consistent with the ground magnetic field 224 

observations. For the first substorm at 0430 UT, dipolarization and proton injections were only 225 

observed by GOES-15 (at 19:33 MLT). 226 

 227 

 228 
 229 

Figure 4. Summary of the 0505 UT and 0432 UT events on 16 September 2017. The Geotail 230 

magnetic local time (MLT) location (represented by G) is shown at 22:34 MLT for the 0505 UT 231 

event and at 22:28 MLT for the 0432 UT event. The D deflection at the ground station is 232 

indicated by “+” for positive and “-“ for negative at its MLT position. The positive D deflection 233 

region corresponding to the upward field-aligned current region is indicated by a horizontal line, 234 

while the negative D deflection region corresponding to the downward field-aligned current 235 

region is indicated by a dashed horizontal line. The rapid dipolarization at geosynchronous 236 

altitude is indicated by D with G13 indicating GOES-13 and with G15 indicating GOES-15. N 237 

indicates less pronounced dipolarization. 238 

 239 

These observations are summarized in Figure 4. For the second substorm near 0500 UT, 240 

magnetic reconnection proceeded at Geotail in the 22:34 MLT meridian, just west of BSL (at 241 

23:03 MLT), where the D deflection was positive, such that Geotail was located in the upward 242 

field-aligned current region. For the first substorm at 0430 UT, Geotail was located at the 22:28 243 

MLT meridian, where the negative D deflection was observed at the same meridian on the 244 

ground (BSL was located at 22:27 MLT). Therefore, Geotail was in the downward field-aligned 245 

current region. 246 
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3.2 The 4 October 2015 event 247 

An intense substorm (with a minimum AL of -1500 nT) started near 0600 UT on 4 248 

October 2015 under highly active conditions. As can be seen in Figure 5, a positive bay was 249 

recorded in the Pacific area, indicating that the substorm activity occurred on the far-dusk side. 250 

Honolulu (HON; at 19:25 MLT) showed a positive D deflection, while Fresno (FRN; at 21:48 251 

MLT) showed a negative D deflection. The central meridian of the substorm current system was 252 

likely near Papeete (PPT; at 20:26 MLT). 253 

 254 

 255 
Figure 5. Ground magnetic field data (H and D) from Apia (API), Honolulu (HON), Papeete 256 

(PPT), Fresno (FRN), Tucson (TUC), Boulder (BOU), Stennis (BSL), and Fredericksburg (FRD) 257 

for the period of 0500–0700 UT on 4 October 2015. The sign of the D component from the 258 

Southern Hemisphere stations API and PPT is reversed. The vertical line on the right side 259 

corresponds to 20 nT for API, PPT, and HON and 50 nT for the other stations. For D, the vertical 260 

line on the right side corresponds to 10 nT for API and PPT. 261 

 262 

Geotail stayed at XGSM = −23.6 RE, YGSM = +18.4 RE, and ZGSM = −0.5 RE for this 263 

substorm and observed signatures of magnetic reconnection, as shown in Figure 6. There were a 264 
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number of flow reversals with the Bz reversals, as well as simultaneous detections of electron 265 

acceleration. GOES-15 (at 21:11 MLT) observed dipolarization and proton injections at 0550 266 

UT, as shown in Figure 7, in an earlier MLT region in comparison to usual events (Nagai et al., 267 

2019). The D deflection at GOES-15 was positive and an intense positive D spike is associated 268 

with the second proton injection, even though no or a negative deflection was observed in D at 269 

FRN on the ground (Figure 5). 270 

 271 

 272 
Figure 6. Magnetic reconnection observations by the spacecraft Geotail for the period of 0500–273 

0700 UT on 4 October 2015. From top to bottom: magnetic field Bx, By, Bz, and Btotal [nT], 274 

ion flow velocity Vx and Vy [km s−1], number density [cm−3], electron temperature [keV] and 275 

electron energy-time spectrogram. 276 
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 277 
Figure 7. The magnetic field (H, V, D, and Bt in nT and inclination in degrees) and the 30–50-, 278 

50–100-, 100–200-, 200–350-, and 350–600-keV electron and the 80–110-, 110–170-, 170–250-279 

keV proton fluxes for GOES-15 and GOES-13 for the period of 0500–0700 UT on 4 October 280 

2015. The electron and proton fluxes are given in cm−2 s−1 sr−1 keV−1. 281 

 282 

These observations are summarized in Figure 8. Because the Geotail footpoint was 283 

located at the 19:43 MLT meridian (near the HON meridian), Geotail was in the upward field-284 

aligned current region. There was another substorm that started at 0525 UT on 4 October 2015, 285 

and the center of this substorm current system was located between BOU (at 22:14 MLT) and 286 

BSL (at 23:30 MLT). The MLT location of the substorm center was not extraordinary, and the 287 

AL index exceeded -500 nT. Geotail did not detect any substorm signatures for this substorm, 288 

even though Geotail was in the upward field-aligned current region. 289 

 290 

 291 

 292 
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293 
Figure 8. Summary of the 0605 UT and 0525 UT events on 4 October 2015, notation as in 294 

Figure 4. 295 

 296 

3.3 The 4 October 2016 event 297 

Intense substorm activity occurred on 4 October 2016, and there were two clear positive 298 

bays starting at 1150 UT and 1250 UT. Selected ground magnetic field data are presented in 299 

Figure 9. D-component data from HON are not available. The D variations at Apia (API; west of 300 

HON) and at Papetee (PPT; east of HON) were nearly the same. The central meridian of the 301 

substorm current system was located near Charters Towers (CTA; at 21:59 MLT) for the 1150 302 

UT onset substorm. For the 1250 UT onset substorm, the central meridian was located between 303 

PPT (at 03:15 MLT) and FRN (at 04:38 MLT), unusually in the late morning sector. 304 

 305 

Figure 10 shows the magnetic field and plasma observations made by Geotail. Geotail 306 

observed electron heating at 1257 UT for the second substorm at XGSM = −23.4 RE, YGSM = −9.9 307 

RE and ZGSM = −1.8 RE. The Geotail footpoint was located at 01:34 MLT. Note that this 308 

observation was made near the neutral sheet deep inside the plasma sheet, because Bx made the 309 

zero crossing. Therefore, the accelerated electrons were not streaming near the tail lobe/plasma 310 

sheet boundary. Indeed, the electron bulk velocity Vx exceeded −3000 km s−1 (not shown) when 311 

the ion bulk velocity Vx was −800 km s−1. Geotail only observed MHD tailward flows for the 312 

first substorm, and no in situ magnetic reconnection signatures were observed. 313 

 314 

Figure 11 shows magnetic field and particle observations from GOES-15 at 135° W and 315 

GOES-14 at 105° W. At 1257 UT, a sharp dipolarization with a negative D deflection took place 316 

at GOES-15, which was located at 04:08 MLT. Variations at geosynchronous altitude are usually 317 

gradual in this local time sector. There were nearly no changes at GOES-14 at 06:07 MLT. For 318 

the first substorm starting at 1150 UT, GOES-15 and GOES-14 observed drifting (energy-319 

dispersive) protons and electrons and there were no significant changes in the magnetic field. 320 

 321 

 322 
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 323 

 324 
 325 

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

Canberra (CNB), Apia (API), Honolulu (HON), Papeete (PPT), and Fresno (FRN) for the period 327 

of 1130–1330 UT on 4 October 2016. The sign of the D component from the Southern 328 

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

corresponds to 20 nT for API, HON, and PPT and 30 nT for the other stations. For D, the vertical 330 

line on the right side corresponds to 10 nT for API and PPT. 331 

 332 
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 333 

 334 
Figure 10. Magnetic reconnection observations by Geotail for the period of 1130–1330 UT on 4 335 

October 2016. From top to bottom: magnetic field Bx, By, Bz, and Btotal [nT], ion flow velocity 336 

Vx and Vy [km s−1], number density [cm−3], electron temperature [keV] and electron energy-337 

time spectrogram. 338 
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 339 

 340 

 341 
Figure 11. The magnetic field (H, V, D, and Bt in nT and inclination in degrees), the 30–50-, 342 

50–100-, 100–200-, 200–350-, and 350–600-keV electron and, the 80–110-, 110–170-, 170–250-343 

keV proton fluxes for GOES-15 and GOES-13 for the period of 0400–0600 UT on 4 October 344 

2016. The electron and proton fluxes are given in cm−2 s−1 sr−1 keV−1. 345 

 346 

Figure 12 summarizes the observations for the 4 October 2016 events. During the second 347 

substorm starting at 1250 UT, Geotail observed in situ magnetic reconnection even in the far-348 

dawn sector of the magnetotail at YGSM = −10 RE (at 01:34 MLT). For this substorm, the center 349 

of the substorm current system formed near the 04:00 MLT meridian and rapid dipolarization 350 

occurred even in the late morning sector at 04:08 MLT. Geotail was located in the upward field-351 

aligned current region during this substorm. Conversely, the first substorm starting at 1152 UT 352 

did not show any unusual characteristics. The center of the substorm current system was located 353 
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near the 22:00 MLT meridian, and almost no onset signatures were observed in the dawn sector 354 

at geosynchronous altitude and in the magnetotail. 355 

 356 
 357 

Figure 12. Summary of the 1257 UT and 1152 UT events on 4 October 2016, notation as in 358 

Figure 4. 359 

 360 

4 Statistical studies 361 

We conducted statistical studies to confirm the important findings in the event studies 362 

described in Section 3 and to identify general characteristics of magnetic reconnection and its 363 

related dynamics. We obtained 71 magnetic reconnection events from the 1994–2014 survey in 364 

the magnetotail, XGSM < −20 RE, with the primary selection criterion being electron 365 

acceleration/heating during fast plasma flows (Nagai et al., 2015b). Using the same procedure, 366 

we obtained 11 magnetic reconnection events in 2015–2017. We did not find observations of any 367 

in situ magnetic reconnection events satisfying the adopted criteria in the period of 2018–2019, 368 

primarily because Geotail was usually in the tail lobe in the tail season during these years. To 369 

determine the central meridian of a substorm current system, we require digital ground magnetic 370 

field data at mid-latitudes from several stations for each event. Furthermore, we need to 371 

unambiguously identify a positive bay signature. The adopted criterion was that the amplitude of 372 

the positive bay exceeds 10 nT at least at one station for each event. Using this criterion, we 373 

obtained 56 events (45 events in 1994–2014 and 11 events in 2015–2017). On average, there 374 

were five stations for each event (including two stations with positive D variation and two 375 

stations with negative D variation). In these 56 events, flow reversals (for example, the 04 376 

October 2015event in Section 3.2) are observed for 42 events. Only tailward flows with electron 377 

acceleration/heating (for example, the 16 September 2017 event in Section 3.1) are observed for 378 

14 events, including the events in which Geotail entered the tail lobe. These are no differences in 379 

their characteristics between these two classes, as described by Nagai et al. (2015b). Figure 13 380 

shows the Geotail footpoint locations in the MLT versus the geomagnetic latitude diagram and 381 

the GSM positions in the magnetotail x-y plane. The three events described in Section 3 are 382 

indicated in the figure. The event distribution in Figure 13 does not differ significantly from that 383 
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for the 71 events in the period of 1994–2014 (Figure 2 in Nagai et al., 2015b); therefore, no bias 384 

associated with availability of ground magnetic field data was found. The GOES magnetic field 385 

data can be examined for 18 events, because the GOES spacecraft need to be in the pre-midnight 386 

sector to identify variations in the magnetic field. 387 

 388 

 389 
Figure 13. Location of magnetic reconnection events in the Geotail footpoint MLT versus the 390 

geomagnetic latitude diagram (upper panel) and in the GSM x-y plane (lower panel). The three 391 

dots indicate the events described in Section 3. 392 

 393 
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 394 
 395 

Figure 14. Ground D variations during magnetic reconnection relative to the Geotail footpoint in 396 

the MLT diagram. The upper panel shows all the data points (three different classes) from the 56 397 

events, and the lower panel shows the D variations for each event (“+” for positive D, “− “ for 398 

negative D, and “o” for no variation). 399 
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4.1 Ground D variations 400 

Figure 14 shows the D deflection signs near the Geotail footpoint meridian for each event 401 

(lower panel). The Geotail meridian spans from 20 MLT to 02 MLT, and many events are found 402 

in the 22–24 MLT sector. For these 56 magnetic reconnection events, a reasonable amount of 403 

ground station data can be examined. Here, positive D deflections are denoted “+” and the 404 

negative D deflections are denoted “−“. Cases in which there is nearly no deflection in D for the 405 

positive H bay are denoted “o”. The D deflection is determined by the sign for the initial 10-min 406 

time interval of the positive bay because Geotail almost always observed the magnetic 407 

reconnection signatures during this time interval. The positive sign is given when the average D 408 

value is > +1.0 nT, while the negative D sign is given when the average D value is < −1.0 nT. 409 

When we adopt a 5-min time interval or a criterion of 2 nT, the general characteristics do not 410 

change significantly and the number of stations with zero D deflection increase. Following the 411 

computer calculations of these values, all data were plotted for visual inspection and no 412 

significant errors in the procedure were found. For the low-latitude stations PPT (−15.11° 413 

geomagnetic latitude) and API (−15.02° geomagnetic latitude), a D deflection of less than 1.0 nT 414 

was adopted because these two stations are important for determining the D variations in the 415 

Pacific sector. The upper panel of Figure 14 summarizes the three different classes of D behavior 416 

(positive, zero, and negative) relative to the Geotail footpoint meridian.  417 

 418 

Geotail is always located in the +D or zero D variation region. There are some events in 419 

which negative D variations are observed just east of the Geotail footpoint meridian. For 420 

example, at 2151 UT on 5 October 2015 (the 50th 15/10/05 2151 UT event in the lower panel of 421 

Figure 14), the D variation was negative at Moscow (MOS; at 01:25 MLT) and Borok (BOX; at 422 

01:33 MLT) and nearly zero at Kiev (KIV; at 00:53 MLT) when the Geotail footpoint was 423 

located at 01:22 MLT. Unfortunately, Geotail magnetic field observations were not made 424 

because the MGF instrument was stopped as a result of the eclipse (Geotail entered the Earth’s 425 

shadow). The onboard data processing of the plasma measurements from LEP was incomplete 426 

(probably caused by the eclipse), and only several data points from LEP are available. There is a 427 

possibility that accelerated electrons were streaming near the plasma sheet boundary; however, 428 

we could not examine the event itself in detail. Because the electron acceleration/heating was 429 

evident, this event was selected for the present statistics. In the other cases in which negative D 430 

deflections were observed just east of the Geotail footpoint meridian, there was a station in 431 

which a positive D deflection was observed just west of that meridian. 432 

 433 

The center of the substorm current system can be estimated if we allow for some 434 

ambiguity. One method is to place the center of the substorm current system in between a station 435 

with a positive D deflection and one with a negative D deflection. This method can be adopted 436 

for 56 events. The other method is to place the center of the substorm current system at the 437 

station with zero D deflection. This method can be used for 24 events. Because we use a variety 438 

of geomagnetic latitude stations, it is impossible to quantitively evaluate the amplitude of the D 439 

deflection. The magnetic reconnection site relative to the center of the substorm current system is 440 

given in MLT in Figure 15. It is evident that magnetic reconnection is most frequently observed 441 

just east of the center of the substorm current system, not at its center. Furthermore, magnetic 442 

reconnection is preferentially observed only in the 2-h MLT range (39 out of 56 events). It is 443 

important to account for the ambiguity in determining the center of the substorm current system. 444 

The average separation between the station with positive D deflection and that with negative D 445 
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deflection is 1.7-h, so that it is highly likely that the estimated center positions are scattered. The 446 

MLT extent of magnetic reconnection is likely further confined and is estimated to be 1-h in 447 

MLT. 448 

 449 

 450 
 451 

Figure 15. MLT location of the magnetic reconnection site relative to the center of the substorm 452 

current wedge. The center of the current wedge is determined using positions with positive and 453 

negative D variations (upper panel) and with zero D variation (lower panel). 454 

 455 

4.2 Dipolarization at geosynchronous altitude 456 

The GOES spacecraft observations have limitation. High time resolution (0.512-s) 457 

magnetic field and electron and proton observations are only available for the events after 2015. 458 

It is necessary to use 1-min average magnetic field data for the events in the period of 1994–459 

2014. Unfortunately, we only have a small number of events (6 events with high time resolution 460 

data and 12 events with 1-min data) and there were no good Geotail-GOES conjunctions. We 461 

classified the variations at geosynchronous altitude into four types: rapid dipolarization with 462 

positive D deflection, rapid dipolarization with negative D deflection, slow dipolarization, and 463 

no variation. Nagai et al. (2019) compiled the average variations in the magnetic field for 464 

dipolarization associated with proton and electron injections at geosynchronous altitude. Rapid 465 

dipolarization occurs within 4 min and the change in the H component is more than 10 nT: see 466 

Figures 11 and 12 of Nagai et al. (2019). Here, we adopt the criterion that the H component of 467 

the magnetic field changes more than 10 nT for the 5-min period for rapid dipolarization with the 468 

1-min data. In most cases, there is a pair of GOES spacecraft (at 75° W and 135° W) available. 469 

The data point from GOES-7 at 112° W for the 22 November 1994 event is plotted as a 470 

dipolarization with a positive D deflection because the ground D deflection is positive at BOU at 471 

125° W. Figure 16 shows substorm signatures at geosynchronous altitude relative to the Geotail 472 

meridian in MLT. A rapid dipolarization with a positive D deflection occurs near the Geotail 473 

footpoint meridian, while a rapid dipolarization with a negative D deflection occurs east of the 474 

Geotail meridian. Slow dipolarization is observed far from the Geotail meridian. In MLTs very 475 

far from the Geotail meridian, no variation is detected at geosynchronous altitude. The local time 476 
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extent of the rapid dipolarization is consistent with previous statistical studies with medium time 477 

resolution (less than 3 s) magnetic field data (e.g., Nagai, 1982, 1987, 1991). 478 

 479 

Figure 16. Magnetic field variations at geosynchronous altitude relative to the magnetic 480 

reconnection site meridian. The upper panel shows a summary for four classes (rapid 481 

dipolarization with positive D deflection, rapid dipolarization with negative D deflection, slow 482 

dipolarization, and no variation) and the lower panel shows variations for individual events. ”d” 483 

indicates dipolarization, and ”s” indicates slow dipolarization. The D deflection sign is also 484 

indicated. ”no” indicates no changes. 485 

5 Discussion 486 

The findings in Sections 3 and 4 can be summarized as follows. 487 

(1) Magnetic reconnection is observed in the upward field-aligned current region of the substorm 488 

current system. 489 

(2) The dawn–dusk extent of the magnetic reconnection site is limited to the 1-h local time sector 490 

of the upward field-aligned current region, which is located just west of the center of the 491 

substorm current system. 492 
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(3) There are no examples in which magnetic reconnection proceeds in the downward field-493 

aligned current region of the substorm current system. 494 

(4) When magnetic reconnection occurs in the far-dusk magnetotail, the center of the substorm 495 

current system forms in the far-dusk sector. 496 

(5) When magnetic reconnection occurs in the dawn magnetotail, the center of the substorm 497 

current system forms in the dawn sector. 498 

(6) Rapid dipolarization occurs with a positive D perturbation in the magnetic field at 499 

geosynchronous altitude in the meridian of the magnetic reconnection site. 500 

 501 

It is important to note that there is some ambiguity in linking of the magnetic 502 

reconnection site to other magnetospheric and ionospheric processes. The calculation of the 503 

Geotail footpoint depends on the magnetic field model for the field line tracing. Hall magnetic 504 

fields are created near the magnetic reconnection site (e.g., Sonnerup, 1979; Nagai et al., 2001). 505 

Positive By deflection is induced in the field lines in the Northern Hemisphere earthward of the 506 

magnetic reconnection site, while negative By deflection is induced in the field lines in the 507 

Southern Hemisphere. The Hall physics may not be included in the magnetic field model; 508 

however, the By bending induced by Hall physics appears to be local in nature (Nagai et al., 509 

2011; 2013a; 2013b; 2015a). It is likely that there are no large systematic errors in determining 510 

the footpoint MLT. It is difficult to quantitatively evaluate the ground magnetic field variations 511 

over a wide area using the limited number of available stations. For most events, we had five 512 

ground stations. We used the events in which a ground station was available near the Geotail 513 

footpoint. Ground magnetic field variations include effects from various current systems 514 

including previously occurring substorm activities. We can identify a newly formed positive bay 515 

signatures for each event. In our analyses, we checked the solar wind conditions, especially the 516 

dynamic pressure changes, using the OMNI data. Any changes in the solar wind were excluded 517 

from these analyses. Even though there might be other factors affecting our analyses, the results 518 

derived in this study are robust and consistent. 519 

 520 

Note that the D deflection signatures at geosynchronous altitude can be different from 521 

those on the ground near the center of the substorm current system. A D deflection is always 522 

accompanied by dipolarization in the field in all MLT regions (Nagai, 1982, 1991). The D 523 

defection signs are the same in both the morning and evening sectors. However, irregular 524 

disturbances in D can be found at geosynchronous altitude in the pre-midnight sector (Nagai, 525 

1987). Conversely, the D deflection is rather smooth on the ground and, occasionally, no D 526 

defection is detected near the center of the substorm current system where the magnitude of a 527 

positive bay has its maximum (see, for example, the 4 October 2015 and 4 October 2016 events). 528 

This is easily understandable. The ground variations are produced by an integrated effect of the 529 

large-scale current system, while the variations at geosynchronous altitude are largely 530 

determined by nearby local currents, as suggested by the simple model (e.g., Nagai, 1987). These 531 

previous results are based on analyses using 3 s GOES magnetic field data. A recent study using 532 

the high time-resolution (0.512 s) magnetic field data with simultaneous proton and electron 533 

observations shows much more spikey positive D variations in association with proton injections 534 

at geosynchronous altitude, and intense dipolarization in the field takes place with proton 535 

injection just west of the D sign change, rather than at the D sign change meridian (Nagai et al., 536 

2019). A positive D spike indicating an upward field-aligned current can be detected at the 537 

meridian where the ground D deflection is nearly zero (Nagai et al., 2019). Unfortunately, the 538 
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GOES magnetic field data can be examined only for a limited number of events (18 events) and 539 

the high time resolution data are even further limited (6 events). The finding of the statistical 540 

study is straightforward: a rapid dipolarization with a positive D spike forms in the magnetic 541 

field at geosynchronous altitude near the magnetic reconnection site meridian. 542 

 543 

One might expect there to be a lot of conjunctions between Geotail and the various 544 

spacecraft. MMS was located in the inner magnetosphere (at radial distances of 7.6–8.4 RE) near 545 

the Geotail meridian for the 16 September 2017 event (Section 3.1). MMS Plasma observations 546 

were turned off during this event. MMS observed dipolarization around 0500 UT near the 2150 547 

MLT meridian and almost no variations (only a slight increase in Bz) in the magnetic field for 548 

the 0430 UT substorm near the 21:35 MLT meridian. The observations provided by MMS 549 

confirm the results from the Geotail-GOES pairs but do not add any further information. We did 550 

not find any good conjunctions of Geotail with Cluster or THEMIS. The direct causality of 551 

magnetic reconnection in the mid-tail with respect to dipolarization in the inner magnetosphere 552 

will be strengthened with increased numbers of events observed by future multipoint missions. 553 

 554 

 555 
Figure 17. Schematic of the magnetotail dynamics for the expansion phase of a substorm. 556 

Magnetic reconnection forms with a dawn–dusk width of approximately 4 RE beyond XGSM = 557 

−20 RE. Black curves present the magnetic field lines. Field-aligned currents carried by 558 

accelerated electrons flow only when the field lines are connected with the magnetic 559 

reconnection site. The field lines are transported with earthward flows, resulting in dipolarization 560 

in the inner magnetosphere. 561 
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 562 

The presented study helps refine our understating of the roles of earthward outflows from 563 

magnetic reconnection in substorm dynamics. Figure 17 shows a schematic of the substorm 564 

dynamics derived from the presented results and previous studies; this is a modification of the 565 

schematic presented by Fairfield et al. (1999). In Figure 17, the time evolution of the reconnected 566 

field lines is schematically illustrated. Magnetic reconnection forms on the X-line beyond XGSM 567 

= −20 RE for a limited dawn–dusk length. The high occurrence of magnetic reconnection in the 568 

MLT range (Figure 15) suggests the length of 4 RE in the dawn-dusk direction at a radial 569 

distance of 25 RE if we adopt the Tsyganenko TA15 magnetic field model (Tsyganenko & 570 

Andreeva, 2015). The short dawn-dusk length of the X-line implies that magnetic reconnection 571 

has the two-dimensional structure in the magnetotail and that any three-dimensional effects 572 

might not arose for magnetic reconnection in the near-Earth magnetotail. Indeed, the structure of 573 

magnetic reconnection in the near-Earth magnetotail is fully consistent with a picture from two-574 

dimensional full-particle simulations (e.g., Nagai et al., 2011; Zenitani & Nagai, 2016). 575 

 576 

Accelerated electrons in the magnetic reconnection site can become field-aligned 577 

outflows near the separatrix (e.g., Nagai et al., 1998, 2001). Because the electron flow speed 578 

significantly exceeds the ion flow speed, these electron outflows can become upward (from the 579 

ionosphere to the tail) field-aligned currents. The Hall electrons flowing into the magnetic 580 

reconnection site co-exist in the outer part of the separatrix layer and form the bi-directional 581 

electron distributions (e.g., Nagai et al., 1998, 2001). The Hall electrons can form downward 582 

(from the tail into the ionosphere) field-aligned currents. The current structure in the vicinity of 583 

the magnetic reconnection site is presented in Nagai et al. (2003). The double-current sheet 584 

structure is a natural consequence of magnetic reconnection and should be confined to a limited 585 

sector. Indeed, a double-current sheet structure is observed in the pre-midnight sector in the 586 

vicinity of the geosynchronous altitude (Nagai et al., 1987). 587 

 588 

The earthward outflow from the magnetic reconnection near the equatorial plane 589 

immediately transforms into MHD flows (Nagai et al., 2011, 2013b) in a spatially limited flow 590 

channel carrying magnetic flux, and likely results in dipolarization in the magnetic field in the 591 

inner magnetosphere. It is well established that dipolarization starts in a limited (likely less than 592 

1-h) local time sector in the pre-midnight region at geosynchronous altitude (e.g., Nagai, 1982, 593 

1987). Furthermore, it is known that intense upward field-aligned currents exist in the confined 594 

region in association with a westward traveling surge on the evening side and that the downward 595 

field-aligned current layer exists north of the intense upward field-aligned currents. This is 596 

demonstrated by the modeling from ground magnetic field observations by Inhester et al. (1981) 597 

and the direct low-altitude satellite Dynamics Explorer observations by Hoffman et al. (1994). 598 

The electric field is southward there in the Northern Hemisphere, such that the electric field 599 

direction is consistent with the negative Hall electric field (Ez < 0 above the neutral sheet and Ez 600 

> 0 below the neutral sheet) in the ion-electron decoupling region of magnetic reconnection. It is 601 

expected that the current system in the vicinity of the magnetic reconnection site is connected to 602 

the current system just above the ionosphere. 603 

 604 

Generation mechanisms of the substorm current system, which can be simplified as a 605 

substorm current wedge, have been proposed, staring with the pioneering study by Vasyliunas 606 

(1970). A comprehensive review of current knowledge is given by Kepko et al. (2015). An 607 
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intense and narrow earthward flow induces vortex-like motions and pressure changes on both 608 

sides. It is possible that downward field-aligned currents on the morning side and upward field-609 

aligned currents on the evening side can be produced by this mechanism and the current wedge 610 

can be modeled using computer simulations (e.g., Birn and Hesse, 1991). Recently, Chu et al. 611 

(2021) provided an event study supporting this scenario, even though an in situ observation of 612 

magnetic reconnection was not identified during their event. Their study suggests that the field-613 

aligned currents contributing to the ground magnetic field variations are generated in the much 614 

more near-Earth magnetotail (inside 15 RE), where the earthward flow makes dawnward and 615 

duskward diversions. This is highly possible because flow diversions can be found near a radial 616 

distance of 10 RE in the magnetotail in spacecraft observations (e.g., Nagai et al., 2000) and the 617 

dipolarization sector expands dawnward and duskward at geosynchronous altitude (e.g., Nagai, 618 

1982). However, this generation mechanism cannot produce any intense currents in the flow 619 

channel itself. The field-aligned current signatures are always observed with dipolarization and 620 

the most intense signatures appear for upward field-aligned currents at geosynchronous altitude 621 

(Nagai et al., 2019). 622 

 623 

There is a possibility that the field-aligned current signatures at geosynchronous altitude 624 

can be classified into three types. Nagai et al. (2019) compiled the average D variations 625 

constructed via superposed epoch analyses using three simultaneous spacecraft observations at 626 

geosynchronous altitude. The timing of the proton injection and the rapid electron flux increase 627 

is used as the zero epoch (it is difficult to discriminate injection from flux recovery due to the 628 

adiabatic process in the electron flux data). The positive D variations are sharp and spiky at 629 

positions where proton injection occurs simultaneously. This behavior is primarily observed in 630 

the pre-midnight region. The positive D variations in the early evening sector are more gradual. 631 

The negative D variations are always long-lived even when electron injections are 632 

simultaneously observed, and the negative D perturbations become much more gradual in the 633 

morning sector. The gradual positive D variations in the early evening region and the gradual 634 

negative D variations, as well as all D variations on the ground can be attributed to the effect of 635 

the vortex-induced and pressure-change-induced field-aligned currents. Spiky positive D 636 

variations are likely caused by localized upward field-aligned currents connected with the 637 

magnetic reconnection site. The effect of the localized upward field-aligned currents might be 638 

minimized with the integration effect of the large-scale current system. The complex D 639 

variations at the pre-midnight geosynchronous altitude can be attributed to the double-current 640 

structure connected with the magnetic reconnection site. Comparisons of the D signatures at 641 

geosynchronous altitude and those on the ground need to be further investigated. 642 

 643 

6 Conclusions 644 

In this study, ground magnetic field and geosynchronous substorm signatures were 645 

examined for magnetic reconnection events observed in the near-Earth magnetotail. The 646 

principal finding, which might be somewhat unexpected, is that in situ magnetic reconnection 647 

observations in the near-Earth magnetotail are only found in the upward field-aligned current 648 

regions of the substorm current system. Furthermore, magnetic reconnection occurs on the X-line 649 

with the 1-hr dawn–dusk length, which is located just west of the center of the substorm current 650 

system. The short X-line length implies that magnetic reconnection for substorm onsets is two-651 
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dimensional in nature. Magnetic reconnection in the far-dusk and far-dawn sectors is associated 652 

with a newly formed substorm current system in the same local time sector; therefore, there is no 653 

dawnward or duskward extension of the X-line for magnetic reconnection in the near-Earth 654 

magnetotail. The presented study refines our understanding of substorm dynamics. It is likely 655 

that an intense and localized upward field-aligned current is directly connected with the current 656 

system formed in the magnetic reconnection site in the near-Earth magnetotail. An intense 657 

dipolarization in the inner magnetosphere is produced with earthward outflows from the 658 

magnetic reconnection site. Even though the vortex motions and plasma pressure changes in the 659 

plasma sheet induced by the earthward outflows are thought to be candidates for the whole 660 

substorm current system, their contribution is likely confined to the downward field-aligned 661 

currents in the morning sector and the upward field-aligned currents in the early evening sector. 662 

Geotail has had a number of encounters with magnetic reconnection in the near-Earth 663 

magnetotail during its long observation period; however, good conjunctions with other spacecraft 664 

are limited. It is desirable to confirm the presented results with various multipoint observations 665 

in space. Furthermore, a formation mechanism for the limited dawn–dusk length X-line in the 666 

near-Earth magnetotail needs to be explored. 667 
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Figure Captions 823 

 824 

Figure 1. Ground magnetic field data (H and D components) from Fresno (FRN), Tucson 825 

(TUC), Boulder (BOU), Stennis (BSL), Fredericksburg (FRD) and San Juan (SJG) for the period 826 

of 0400–0600 UT on 16 September 2017. The vertical line on the right side corresponds to 30 nT 827 

for FRN, TUC, BOU, BSL, and FRD and 15 nT for SJG. 828 
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 829 

Figure 2. Magnetic reconnection observations by the spacecraft Geotail for the period of 0400–830 

0600 UT on 16 September 2017. From top to bottom: magnetic field Bx, By, Bz, and Btotal (Bt) 831 

[nT], ion flow velocity Vx and Vy [km s−1], number density [cm−3], electron temperature [keV] 832 

and electron energy-time spectrogram. Electron counts are presented with a color code (red for 833 

high flux and blue for low flux) in the energy (0.1–40 keV)-time spectrogram. 834 

 835 

Figure 3. The magnetic field (H, V, D, and Btotal in nT and inclination in degrees) and the 30–836 

50-, 50–100-, 100–200-, 200–350-, and 350–600-keV electron and 80–110-, 110–170-, 170–250-837 

keV proton fluxes for GOES-15 and GOES-13 for the period of 0400–0600 UT on 16 September 838 

2017. The electron and proton fluxes are given in cm−2 s−1 sr−1 keV−1. 839 

 840 

Figure 4. Summary of the 0505 UT and 0432 UT events on 16 September 2017. The Geotail 841 

magnetic local time (MLT) location (represented by G) is shown at 22:34 MLT for the 0505 UT 842 

event and at 22:28 MLT for the 0432 UT event. The D deflection at the ground station is 843 

indicated by “+” for positive and “-“ for negative at its MLT position. The positive D deflection 844 

region corresponding to the upward field-aligned current region is indicated by a horizontal line, 845 

while the negative D deflection region corresponding to the downward field-aligned current 846 

region is indicated by a dashed horizontal line. The rapid dipolarization at geosynchronous 847 

altitude is indicated by D with G13 indicating GOES-13 and with G15 indicating GOES-15. N 848 

indicates less pronounced dipolarization. 849 

 850 

Figure 5. Ground magnetic field data (H and D) from Apia (API), Honolulu (HON), Papeete 851 

(PPT), Fresno (FRN), Tucson (TUC), Boulder (BOU), Stennis (BSL), and Fredericksburg (FRD) 852 

for the period of 0500–0700 UT on 4 October 2015. The sign of the D component from the 853 

Southern Hemisphere stations API and PPT is reversed. The vertical line on the right side 854 

corresponds to 20 nT for API, PPT, and HON and 50 nT for the other stations. For D, the vertical 855 

line on the right side corresponds to 10 nT for API and PPT. 856 

 857 

Figure 6. Magnetic reconnection observations by the spacecraft Geotail for the period of 0500–858 

0700 UT on 4 October 2015. From top to bottom: magnetic field Bx, By, Bz, and Btotal [nT], 859 

ion flow velocity Vx and Vy [km s−1], number density [cm−3], electron temperature [keV] and 860 

electron energy-time spectrogram. 861 

 862 

Figure 7. The magnetic field (H, V, D, and Bt in nT and inclination in degrees) and the 30–50-, 863 

50–100-, 100–200-, 200–350-, and 350–600-keV electron and the 80–110-, 110–170-, 170–250-864 

keV proton fluxes for GOES-15 and GOES-13 for the period of 0500–0700 UT on 4 October 865 

2015. The electron and proton fluxes are given in cm−2 s−1 sr−1 keV−1. 866 

 867 

Figure 8. Summary of the 0605 UT and 0525 UT events on 4 October 2015, notation as in 868 

Figure 4. 869 

 870 
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Figure 9. Ground magnetic field data (H and D) from Kakioka (KAK), Charters Towers (CTA), 871 

Canberra (CNB), Apia (API), Honolulu (HON), Papeete (PPT), and Fresno (FRN) for the period 872 

of 1130–1330 UT on 4 October 2016. The sign of the D component from the Southern 873 

Hemisphere stations CTA, CNB, API, and PPT is reversed. The vertical line on the right side 874 

corresponds to 20 nT for API, HON, and PPT and 30 nT for the other stations. For D, the vertical 875 

line on the right side corresponds to 10 nT for API and PPT. 876 

 877 

Figure 10. Magnetic reconnection observations by Geotail for the period of 1130–1330 UT on 4 878 

October 2016. From top to bottom: magnetic field Bx, By, Bz, and Btotal [nT], ion flow velocity 879 

Vx and Vy [km s−1], number density [cm−3], electron temperature [keV] and electron energy-880 

time spectrogram. 881 

 882 

Figure 11. The magnetic field (H, V, D, and Bt in nT and inclination in degrees), the 30–50-, 883 

50–100-, 100–200-, 200–350-, and 350–600-keV electron and, the 80–110-, 110–170-, 170–250-884 

keV proton fluxes for GOES-15 and GOES-13 for the period of 0400–0600 UT on 4 October 885 

2016. The electron and proton fluxes are given in cm−2 s−1 sr−1 keV−1. 886 

 887 

Figure 12. Summary of the 1257 UT and 1152 UT events on 4 October 2016, notation as in 888 

Figure 4. 889 

 890 

Figure 13. Location of magnetic reconnection events in the Geotail footpoint MLT versus the 891 

geomagnetic latitude diagram (upper panel) and in the GSM x-y plane (lower panel). The three 892 

dots indicate the events described in Section 3. 893 

 894 

Figure 14. Ground D variations during magnetic reconnection relative to the Geotail footpoint in 895 

the MLT diagram. The upper panel shows all the data points (three different classes) from the 56 896 

events, and the lower panel shows the D variations for each event (“+” for positive D, “− “ for 897 

negative D, and “o” for no variation). 898 

 899 

Figure 15. MLT location of the magnetic reconnection site relative to the center of the substorm 900 

current wedge. The center of the current wedge is determined using positions with positive and 901 

negative D variations (upper panel) and with zero D variation (lower panel). 902 

 903 

Figure 16. Magnetic field variations at geosynchronous altitude relative to the magnetic 904 

reconnection site meridian. The upper panel shows a summary for four classes (rapid 905 

dipolarization with positive D deflection, rapid dipolarization with negative D deflection, slow 906 

dipolarization, and no variation) and the lower panel shows variations for individual events. ”d” 907 

indicates dipolarization, and ”s” indicates slow dipolarization. The D deflection sign is also 908 

indicated. ”no” indicates no changes. 909 

 910 

Figure 17. Schematic of the magnetotail dynamics for the expansion phase of a substorm. 911 

Magnetic reconnection forms with a dawn–dusk width of approximately 4 RE beyond XGSM = 912 

−20 RE. Black curves present the magnetic field lines. Field-aligned currents carried by 913 
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accelerated electrons flow only when the field lines are connected with the magnetic 914 

reconnection site. The field lines are transported with earthward flows, resulting in dipolarization 915 

in the inner magnetosphere. 916 


