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Abstract20

Sub-Auroral Polarization Streams (SAPS) prefer geomagnetically disturbed conditions21

and strongly correlate with geomagnetic indexes. However, the temporal evolution of SAPS22

and its relationship with dynamic and structured ring current and particle injection are23

still not well understood. In this study, we performed detailed analysis of temporal evo-24

lution of SAPS during a moderate storm on May 18, 2013 using conjugate observations25

of SAPS from the Van Allen Probes (VAP) and the Super Dual Auroral Radar Network26

(SuperDARN) . The large-scale SAPS (LS-SAPS) formed during the main phase of this27

storm and decayed due to the northward turning of the interplanetary magnetic field (IMF).28

A meso-scale (∼ several hundreds km zonally) enhancement of SAPS was observed by29

SuperDARN at 0456 UT. In the conjugate magnetosphere, a large SAPS electric field30

(∼8 mV/m) pointing radially outward, a local magnetic field dip and a dispersionless31

ion injection were observed simultaneously by VAP-A at L shell=3.5 and MLT=20. The32

particle injection observed by VAP-A is likely associated with the particle injection ob-33

served by the Geostationary Operational Environmental Satellite (GOES) 15 near 20 MLT.34

Magnetic perturbations observed by the ground magnetometers and flow reversals ob-35

served by SuperDARN reveal that this meso-scale enhancement of SAPS developed near36

the Harang reversal and before the substorm onset. The observed complex signatures37

in both space and ground can be explained by a two-loop current wedge (2LCW) gen-38

erated by the perturbed plasma pressure gradient and the diamagnetic effect of the struc-39

tured ring current following particle injection.40

1 Introduction41

Sub-auroral polarization streams (SAPS) refer to high-speed westward convection42

flows (> 100 m/s) in the sub-auroral ionosphere extending from the afternoon to the early43

morning sector, and can span 3◦−5◦ in latitude (Foster & Vo, 2002; Kunduri et al., 2017).44

In the equatorial magnetosphere, SAPS correspond to large electric fields pointing ra-45

dially outward from the center of the Earth, and are usually observed between the ion46

and electron plasma sheet inner boundaries and near the plasmapause (e.g. Califf et al.,47

2016; Kim, Mozer, Lee, & Jin, 2010; Nishimura et al., 2008).48

There are a few proposed mechanisms for the formation of SAPS. The current gen-49

erator theory works as follows (Anderson et al., 1993; Southwood & Wolf, 1978). When50

the convection increases in the equatorial magnetosphere, a partial ring current can build51

up on the night side with large azimuthal pressure gradient. This azimuthal pressure gra-52

dient together with the gradient of the magnetic field flux tube volume in the radial di-53

rection can generate the Region-2 field-aligned currents (FACs) through j‖ ∝ [(∇V )radial×54

(∇P )azimuthal]·b̂ (Vasyliunas, 1970). In the above equation, V is the flux tube volume,55

P is the plasma thermal pressure and b̂ is the direction of the magnetic field. On the dusk56

side, the Region-2 FACs flow into the ionosphere, and close through poleward Pederson57

current and then the Region-1 sense FACs at higher latitudes. When the Region-2 down-58

ward FACs are located earthward of the electron plasma sheet inner boundary, where59

the particle precipitation induced conductance is low, a large poleward electric field, i.e.,60

SAPS, in the current closure region is needed to maintain the current continuity. Later,61

De Keyser (1999) proposed that the combined effect of finite gyroradius induced thermo-62

electric field and the background convection electric field at the front of the substorm63

particle injection when it reaches the plasmapause can account for the SAPS formation.64

In addition, Mishin and Puhl-Quinn (2007) pointed out that the short circuiting of the65

particle injection into the plasmasphere can explain the SAPS formation. According to66

their theory, when the injected particles enter the plasmapause, energetic electrons will67

stop, but ions will move further inward. This charge separation will give rise to the SAPS68

electric field.69
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Besides the dynamics in the magnetosphere, large convection flow speed and as-70

sociated enhanced frictional heating in the ionosphere may increase the conversion rate71

of atomic O+ to molecular NO+ and thus increase the recombination rate and plasma72

loss rate. In addition, enhanced frictional heating leads to elevated ion temperature and73

ion scale height increase and thus enhanced vertical transport (Heelis, Bailey, Sellek, Mof-74

fett, & Jenkins, 1993). As a result of enhanced frictional heating, the density and con-75

ductivity will further decrease, creating a positive feedback effect on the SAPS electric76

fields (Banks & Yasuhara, 1978; Schunk, Banks, & Raitt, 1976).77

All the above SAPS formation mechanisms suggest that SAPS should occur due78

to enhanced earthward transport of plasma sheet plasma during geomagnetic active times.79

Therefore, the SAPS occurrence and characteristics during geomagnetic storms and sub-80

storms have been studied extensively using observations. F. He, Zhang, Wang, and Wan81

(2017) show that SAPS occur after 0-1.5 h after the southward turning of interplanetary82

magnetic field (IMF) during intense storms. In general, it is found that SAPS move to83

lower magnetic latitudes and cover larger geomagnetic longitudes as Kp increases or Dst84

decreases (Foster & Vo, 2002; Huang & Foster, 2007). The peak SAPS flow speed en-85

hances and the electron density within the SAPS reduces when Dst decreases (Erickson,86

Beroz, & Miskin, 2011). Recently, Kunduri et al. (2017) showed that the occurrence rate87

of SAPS can reach over 80% during geomagentic storms (Dst < −50nT ). In addition,88

Wang, Ridley, Lühr, Liemohn, and Ma (2008) also showed that larger cross polar cap89

potentials are related with larger speed of SAPS, and Anderson (2004) showed that the90

subauroal potential drop across SAPS is positively correlated with the absolute value of91

Dst. During storm time, a couple of event studies showed that SAPS can last for more92

than 10 hours (Burke et al., 2000; Califf et al., 2016). This is further confirmed by Lejosne93

and Mozer (2017) using two years of Van Allen Probes data and the average lifetime of94

SAPS was found to be 9 hours, which is comparable to the duration of the storm main95

phase.96

The dynamics of SAPS have been also frequently related to substorms and it has97

been shown that they can last from 30 min to 3 hours (Anderson, Heelis, & Hanson, 1991;98

Makarevich, Kellerman, Bogdanova, & Koustov, 2009; Puhl-Quinn et al., 2007). Based99

on the coupled global BATSRUS MHD model and kinetic ring current model results, SAPS100

can indeed last for 2-3 hours (Buzulukova et al., 2010; Yu et al., 2015). Although the du-101

ration of SAPS and substorm is roughly comparable, we still do not understand the de-102

tailed relation between substorm onset and SAPS. Observationally, SAPS have been shown103

to occur at different phases of a substorm in different cases. Many studies reported that104

SAPS can form in the expansion and recovery phase, lagging the substorm onset by 6-105

30 min (Anderson, Carpenter, Tsuruda, Mukai, & Rich, 2001; Anderson et al., 1993; Karls-106

son, Marklund, Blomberg, & Mälkki, 1998; Makarevich et al., 2011; Mishin, 2016; Puhl-107

Quinn et al., 2007; Wang & Lühr, 2011). Anderson et al. (1993) further explained this108

delay: after the onset, ion and electron plasma sheet boundaries need about 10 min to109

separate and provide the low conductivity region. However, a much quicker response of110

SAPS to the onset is later reported, from 30 sec after onset (Nishimura et al., 2008) to111

2 min (Zou, Lyons, Nicolls, Heinselman, & Mende, 2009; Zou, Lyons, Wang, et al., 2009).112

Zou, Lyons, and Nishimura (2012) reported that SAPS can start to form even in the growth113

phase after the convection starts to increase, as part of the nightside Harang reversal.114

This is consistent with the current generator theory that SAPS should be able to form115

following the enhanced convection.116

Most studies mentioned above found that SAPS extends over a large spatial scale117

in the longitudinal direction, covering several hours of MLT (e.g. Clausen et al., 2012;118

F. He et al., 2018), and very few studies (Oksavik et al., 2006) focus on meso- to small-119

scale SAPS variations. Recent studies show that small- and meso-scale FACs (e.g. Lühr120

et al., 2015; McGranaghan, Mannucci, & Forsyth, 2017) and meso-scale flow channels,121

which are typically associated with streamers and SAPS (Gallardo-Lacourt et al., 2014,122
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2017), are both important components of the high-latitude ionospheric plasma dynam-123

ics. Considering the close relation between SAPS and FACs, it is thus intriguing to study124

small- or meso-scale SAPS variation and the corresponding formation mechanism. In this125

study, temporal evolution of a SAPS event is investigated using multi-instrument obser-126

vations from VAP, Super Dual Auroral Radar Network (SuperDARN), Geostationary127

Operational Environmental Satellite (GOES) and SuperMAG. A meso-scale enhance-128

ment of SAPS (MS-SAPS+) extending less than 500 km east-west was observed before129

a substorm onset. Particle injection, local magnetic field dip in the equatorial magne-130

tosphere are observed simultaneously with the SAPS electric field. The MS-SAPS+ oc-131

curred near the nightside Harang reversal and all phenomena observed by the above men-132

tioned instruments can be explained due to non-substorm particle injection and the as-133

sociated localized pressure enhancement in the equatorial magnetosphere. This paper134

is organized as follows. Section 2 presents the SAPS event observations from both in-135

situ and ground-based observations. In section 3, the formation mechanism of the mesoscale136

enhancement of SAPS is discussed and a summary is provided in section 4.137

2 Observations138

The VAP mission consists of two identically instrumented spacecraft (VAP-A and139

VAP-B) in nearly identical ∼ 9 h orbits, with perigee of ∼600 km altitude, apogee of140

5.8 RE , and inclination of 10◦ (Mauk et al., 2014). With the Electric Field and Waves141

experiment (EFW) (Wygant et al., 2014) onboard, VAP is an ideal tool to observe the142

SAPS electric field in the inner magnetosphere. The SAPS event targeted by this pa-143

per was observed by VAP-A on May 18, 2013, as shown in Figure 1. The solar wind and144

interplanetary magnetic field (IMF) conditions during this event are obtained from the145

NASA OMNI database and shown in Figure 1a. The IMF Bz was continuously south-146

ward except a short excursion to northward between 0445UT and 0500 UT. This south-147

ward IMF led to a moderate geomagnetic storm with the minimum SYM-H reaching -148

66 nT. This SAPS event occurred during the recovery phase of the storm (the shaded149

blue area), when the IMF Bz turned back to northward briefly and then southward again.150

Figure 1b presents the DC electric field observed by the EFW instrument in the151

modified GSE coordinate (MGSE), which is similar to the GSE coordinates. On the dusk-152

side, the Ey component in the MGSE coordinates is pointing approximately duskward153

(Wygant et al., 2014). Since VAP-A was on the duskside, we can recognize Ey approx-154

imately as the radial electric field. A clear electric field enhancement pointing radially155

outward can be seen with its peak exceeding 8 mV/m at L=3.5 and MLT=19.8 at 0457156

UT (indicated by the blue dashed line). This SAPS electric field observation lasted for157

only 2 min. It is difficult to identify whether this is a spatial or temporal effect based158

on a single satellite observation. It can be either a small spatial scale structure or a short-159

lived one. Another possibility is that the spacecraft crossed the edge of the SAPS region160

and only captured a fraction of it. Figure 1c shows the magnetic field from the Electric161

and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) fluxgate mag-162

netometer (Kletzing et al., 2014). A local magnetic dip in the GSM Bx and Bz compo-163

nents was encountered by VAP-A at the same time of the SAPS. The electron density164

derived from the spacecraft potential is shown in Figure 1d. As one can see, SAPS was165

located slightly earthward of the plasmapause, where the cold electron density suddenly166

decreased at 0459 UT.167

The high energy (50 keV-1 MeV) spin-averaged ion and electron differential fluxes,168

shown in Figures 1e and 1f respectively, are from the Magnetic Electron Ion Spectrom-169

eter (MagEIS) instrument (Blake et al., 2014) . A clear dispersionless ion injection (50-170

200 keV) and an electron flux decrease were observed at about the same time of SAPS.171

Note that there were jags between different energy channels in the ion flux. However,172

the amplitude of the jags was small and well within the measurement uncertainty of MagEIS.173

Figure 1g and 1h present the differential flux of proton and electron from 1 eV to 50 keV174
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from Helium Oxygen Proton Electron mass spectrometer (HOPE) (Funsten et al., 2014).175

SAPS electric field was located between the inner boundaries of the ion and electron plasma176

sheets, which means SAPS was located in an ionospheric region with low electron pre-177

cipitation rate. This low electron precipitation rate may lead to low conductivity in the178

ionosphere, and is a preferred condition to facilitate the SAPS development according179

to the current generator theory. The perpendicular ion pressure in Figure 1i and 1j were180

calculated from HOPE and MagEIS, respectively. The pressure from HOPE was calcu-181

lated using the ion perpendicular temperature and density, while the pressure from MagEIS182

was calculated using the differential energy flux. Here for simplicity, we assume that the183

pitch angle distribution of particles observed by MagEIS is isotropic. Zhao et al. (2015)184

show that the isotropic assumption would not significantly influence the magnitude of185

the pressure. In addition, the gradient of pressure rather the absolute value is more im-186

portant in the FAC generation theory. At this time, the contribution of electrons to the187

plasma pressure was much smaller than that of the ions and thus ignored. As one can188

see, the SAPS electric field was located in the region of large ion pressure gradient. Ac-189

cording to the Vasyliunas equation, this pressure gradient, together with the gradient190

of flux tube volume, gave rise to the Region-2 downward FACs on the dusk side (Vasyli-191

unas, 1970), where the conductivity was low due to low electron precipitation shown in192

Figure 1h. All of these observations are consistent with the current generator theory. Note193

that the electron plasma sheet boundary shown in Figure 1h is dispersive, which is not194

expected according to the short circuiting theory (Mishin, 2013).195

Since observations from one satellite cannot reveal the spatial and temporal vari-196

ation of the SAPS, it is of vital importance to include the line-of-sight (los) velocity map197

from SuperDARN in this study. Fortunately, in this event, the footprint of VAP-A was198

mapped to the west coast of North America, which is well covered by multiple Super-199

DARN radars. In this study, the los velocity observations from the Christmas Valley West200

(CVW), Christmas Valley East (CVE), Blackstone (BKS) and Wallops Island (WAL)201

SuperDARN radars between 4 UT and 6 UT are considered. Eight selected snapshots202

of los convection flows are shown in Figures 2-3 and a movie of the whole 2-hour period203

is provided as supporting information. In Figures 2-3, the color represents the direction204

and magnitude of the los velocities with blue representing flows towards the radar and205

red representing flows away from the radar. Three selected beams, CVW beam 14, CVE206

beam 0 and 9 are indicated by black dashed lines in the panel of 0448 UT, which will207

be discussed later. The equatorward boundary of the auroral oval, indicated by the yel-208

low dashed line in Figures 2-3 is based on the auroral observations centered at 0425 UT209

and from the Special Sensor Ultraviolet Spectrographic Imager (SSUSI) instrument on-210

board the Defense Meteorological Satellite Program (DMSP) F18. The VAP-A VAP-B211

and GOES-15 are mapped to the ionosphere based on the Tsyganenko Geomagnetic Field212

(TS05) model (Tsyganenko & Sitnov, 2005) and are shown as purple (VAP-A and B)213

and green (GOES15) stars in Figures 2-3, respectively. Seven ground-based magnetome-214

ters close to the west coast are shown as blue crosses. Two orbital planes of the Iridium215

satellite near the west coast are also indicated as red lines. As one can see, the footprint216

of VAP-A was located just equatorward of the DMSP SSUSI auroral equatorward bound-217

ary, which is consistent with the VAP-A observations shown in Figure 1 that the SAPS218

electric field was earthward of the electron plasma sheet boundary.219

As shown in Figure 2, at 0420 UT, in the early recovery phase of the storm, a large-220

scale SAPS (LS-SAPS) had fully developed and extended across the whole North Amer-221

ica continent with peak flow speed exceeding 1000 m/s. At 0446 UT, when the IMF turned222

northward, due to the weakening of the convection, the amplitude of the LS-SAPS de-223

creased to ∼400 m/s. Another feature is that an equatorward flow, highlighted by a black224

arrow, occurred poleward of the LS-SAPS and near the footprint of GOES 15 with peak225

flow amplitude of ∼400 m/s. It continued to propagate equatorward at 0448 UT. At 0450226

UT, the westward flow near the end of the equatorward flow and near the C13 magne-227

tometer suddenly enhanced to ∼ 600 m/s, while the equatorward flow at higher latitudes228
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disappeared. This SAPS flow enhancement was localized and extended less than 10 de-229

grees in longitude. The eastern part of the LS-SAPS changed little.230

In Figure 3, at 0456 UT, another equatorward flow developed near a cluster of mag-231

netometers and again highlighted by a black arrow. At 0458 UT, the equatorward flow232

moved westward to near the footprint of GOES 15 and sustained the enhancement of233

westward flow. A very rough estimation of the westward movement of the equatorward234

flow is 2.5◦/min, corresponding an azimuthal velocity of 30 km/s in the GEO orbit. This235

velocity is comparable with the magnetic drift speed of a 50 keV proton, and is consis-236

tent with the energy range of the particle injection observed by VAP-A. At 0500 UT,237

both the equatorward and westward flows began to decrease and at 0504 UT the flow238

returned back to the background value. Note that the large westward flow near the mag-239

netometers SIT and T22 are 1-1/2 hop scatter, an artificial signal due to the ground scat-240

tering. Combining the VAP-A and SuperDARN observations, it is highly likely that VAP-241

A passed the western edge of this SAPS enhancement region. Considering the spatial242

scale of this SAPS enhancement is much smaller than the large-scale background SAPS,243

which extends over several hours of MLT, this SAPS enhancement is thus called a meso-244

scale enhancement of SAPS (MS-SAPS+).245

The los velocity from CVW beam 14, CVE beam 9 and CVE beam 0 are presented246

in Figures 4 and 5. The looking direction of these three beams are indicated by black247

dashed lines in Figure 2. The CVW beam 14 and CVE beam 9 together are used to con-248

firm the localization of this SAPS enhancement. Figure 4a shows the los velocity mea-249

sured by the CVW beam 14 as a function of magnetic latitude and universal time, which250

is looking westward. The red color indicates that the flows were moving away from the251

radar, corresponding to westward flows. As one can see, the westward flow was weak be-252

fore 0450 UT. There were two sudden enhancements at 0450 and 0455 UT respectively,253

indicated by green squares, consistent with the two SAPS enhancements following the254

equatorward flow bursts. Figure 4b is in the same format as Figure 4a but for CVE beam255

9, which is looking eastward, and the blue color represents the flow were towards the radar,256

thus also corresponding to westward flows. The westward flow observed by the CVE beam257

9 did not show any enhancement between 0450-0500 UT. Therefore, the comparison be-258

tween the two beams looking at different sections of the LS-SAPS demonstrated that the259

enhancement of SAPS was localized. Los observations from the CVE beam 0 and the260

keogram from all sky imager (ASI) at Saskatoon are shown in Figure 5. The keogram261

is taken at 50◦W and check the movie of the ASI measurements in the supporting ma-262

terial. As shown in Figure 2, beam 0 is looking approximately poleward. The blue color263

represents that the flows are moving mainly towards the radar, corresponding to equa-264

torward flows. The field of view of the ASI is also shown in Figure 2. One can see that265

the CVE Beam 0 is near the western edge of the ASI and it observed both equatorward266

flow enhancements at 0446 and 0456 UT, respectively. The timing is consistent with that267

of the westward enhancements at lower latitude in Figure 4a. Although it was cloudy,268

it still can be seen from the keogram that the aurora activity increased simultaneously269

with the first flow burst. However, no aurora activity was observed within the Saskatoon270

ASI during the second flow burst. This is very likely because the flow burst was observed271

by SuperDARN further to the west and away from the ASI and thus the corresponding272

aurora activity is out of the scope of the ASI.273

The orbital plane of AMPERE near 20 MLT is also presented in Figure 4a and the274

black arrows represent the vectors of the magnetic perturbations observed by AMPERE.275

The vector along the x (y) axis represents the perturbation in the west-east (north-south)276

direction. The perturbation in the vertical direction is not reflected in Figure 4a. It is277

shown that when the MS-SAPS+ developed, the magnetic perturbations and the down-278

ward FAC were both enhanced. The peak of the downward FAC, where the perturba-279

tion changed its direction, is denoted by the black circle. Note that the enhancement later280

at 0510 UT was related with a substorm onset observed by ground-based ASI (not shown).281
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During this event, VAP-B, GOES 13 and 15 were also located in the dusk-midnight282

sector, which can provide large-scale picture about the particle injection activities. Their283

orbits from 0415 UT to 0515 UT are shown in Figure 6a. Both VAP-A and GOES-15284

were at ∼20 MLT, while VAP-B was at ∼22 MLT and GOES 13 was right around mid-285

night. The proton and electron fluxes observed by GOES 15 are shown in Figure 6b and286

6c and the magnetic field in GSM coordinate is shown in Figure 6d. Three injections were287

observed at 0444 UT, 0450 UT and 0506 UT respectively and are indicated by gray ar-288

rows. The timing of the first injection is consistent with the first equatorward flow burst289

at 0446 UT observed by SuperDARN in Figure 2b. Considering the footprint of GOES290

15 was very close to the flow channel, both the injection and its manifestation in the iono-291

sphere were thus observed simultaneously. The second injection is likely associated with292

the SAPS event observed by VAP-A. Considering the conservation of the first adiabatic293

invariant, the ions of 200 keV energy observed by VAP-A at L= 3.5 should have an ini-294

tial energy around 30 keV at the geosynchronous orbit. Although this energy is lower295

than the lowest energy of GOES, i.e., 95 keV, we can use the arrival time of 95 keV ion296

to roughly estimate the arrival time of 30 keV in the case of dispersionless injection. Both297

VAP-B and GOES 13 were on the night side during this event, but they did not observe298

any injections. This suggests that the injection was localized and likely from the dusk299

side rather than from the night side. The radial injection speed is estimated to be ∼47300

km/s. The velocity is estimated using the positions of two spacecraft and the time dif-301

ference between the flux increase observed by these two spacecraft. This calculated in-302

jection velocity is reasonable (Moore, Arnoldy, Feynman, & Hardy, 1981; Reeves et al.,303

1996) and suggests that the injections observed by VAP-A and GOES 15 are possibly304

the same one. The third injection was associated with a substorm onset at 0510 UT ob-305

served by ground-based ASI and was later than the SAPS event observed by VAP-A.306

No magnetic field dipolarization was observed by GOES-15 accompanying the first307

injection (Figure 6d). After the injection observed by GOES-15, energetic electrons will308

move eastward due to gradient and curvature drift, thus it is not likely to be observed309

by VAP-A that was westward of GOES 15. The second and the third injections were both310

accompanied by a magnetic dipolarization. This infer that the first injection did not have311

enough energy to significantly disturb the ambient geomagnetic field at the geosynchronous312

orbit.313

Seven ground magnetometer data obtained from SuperMAG (Gjerloev, 2012) were314

used to study the magnetic perturbation associated with the SAPS and auroral activ-315

ities. Daily average was subtracted from the raw data. Their locations relative to the316

SAPS and auroral boundary are also shown in Figure 2. Negative bays were observed317

by C12, T36, C06, RED at 0450 UT. This time is consistent with the time of the MS-318

SAPS+ (Figure 2). Stations that observed negative bays all located on the east side of319

the MS-SAPS+. At the same time, positive bays were observed by C13, T22 and SIT,320

which are close to the MS-SAPS+. Negative (positive) bays are due to enhancement of321

westward (eastward) auroral currents and thus eastward (westward) convection flows.322

These observations suggest an overlapping of the westward and eastward currents and323

flows over a narrow latitudinal region comprises the Harang reversal, which can be nicely324

explained by the schematic plot shown in Figure 8, adapted from Figure 14a in Zou, Lyons,325

Nicolls, et al. (2009).326

In Figure 8, the black curved line represents the equipotential line near the Harang327

reversal region. VAP-A (magenta star) observed the radially outward electric field and328

its footprint is located in the equatorward portion of the Harang reversal. The beams329

of CVW looking westward observed westward flows. C13, T22 and SIT observed pos-330

itive magnetic perturbations, due to eastward auroral electrojet and westward convec-331

tion flows. On the other hand, at the poleward portion of the Harang reversal, negative332

magnetic perturbations were observed by C12, T36, C06, RED and equatorward flows333

were observed by beams looking poleward.334
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3 Discussion335

The SAPS electric field and other complementary measurements from VAP-A pre-336

sented in Figure 1 are consistent with the current generator theory. At first, when the337

injected particles traveled towards the inner magnetosphere, they were adiabatically en-338

ergized in order to conserve the first adiabatic invariant. At the geosynchronous orbit,339

they may not have enough energy to depress the magnetic field. As they moved closer340

to the plasmapause, these particles were energized enough and could depress the mag-341

netic field according to the diamagnetic effect (Gurgiolo, Lin, Mauk, Parks, & Mcilwain,342

1979; Z. He et al., 2017; Xia, Chen, Zheng, & Chan, 2017; Xiong et al., 2017). The mag-343

netic dip in the inner magnetosphere is important for both the generation of butterfly344

pitch angle distributions (PADs) of electrons (Xiong et al., 2017) and electromagnetic345

ion cyclotron (EMIC) wave (Z. He et al., 2017; Remya et al., n.d.). The magnetic field346

dip led to the decreasing of the energetic electron flux (Figure 1e) due to conservation347

of the first adiabatic invariant of electrons, consistent with earlier observations (Z. He348

et al., 2017). In this case, butterfly PADs were also observed by VAP-A at the energy349

of 31 keV (not shown).350

We further tested the diamagnetic properties in the SAPS region. We first used351

the TS05 magnetic field magnitude minus 48 nT to fit the general trend of magnetic field352

ignoring the magnetic dip. Then this magnetic field was compared with the observed mag-353

netic field, which shows that the magnetic pressure decreased by ∼17 nPa at the cen-354

ter of magnetic dip and SAPS peak. The increase of the ion plasma pressure was about355

12 nPa with contributions from both HOPE and MagEIS (∆PHOPE + ∆PMagEIS =356

7+5 nPa). This was quantitatively similar to the magnetic pressure decrease. There-357

fore, the magnetic field dip can be explained by the particle injections and the diamag-358

netic effects. This also shows that the injected particles can make a large contribution359

to the storm time ring current, as shown in (Gkioulidou et al., 2014). Another interest-360

ing point is that this injection was observed to enter the inner magnetosphere at ∼ 20361

MLT and no injection was observed closer to the midnight sector. Therefore, this injec-362

tion might be related with dynamics near the magnetopause flank, such as Kelvin-Helmholtz363

instability (Henderson, 2013). However, the exact source of the particle injection is out364

of the scope of this paper.365

When a plasma pressure peak was generated in the inner magnetosphere, together366

with the gradient of the flux tube volume, a pair of Region-2 sense FACs can be gener-367

ated near the edges of this dip (Figure 9), according to the Vasyliunas equation. In ad-368

dition, this region was between the inner boundaries of ion and electron plasma sheets,369

and thus the region where the downward FAC flows into in the ionosphere was of low370

conductivity. When the downward FAC closed poleward through the Pederson current371

and the upward Region-1 sense FAC, the electric field needed to increase to maintain cur-372

rent continuity. The above scenario explains the large poleward electric field in the iono-373

sphere and radially outward electric field in the magnetosphere.374

The results above lead to the schematic diagram of the formation of SAPS given375

in Figure 9. During geomagnetic storm time, a partial ring current develops due to the376

enhanced convection. The gradient of plasma thermal pressure in partial ring current377

and the gradient of the flux tube volume can generate the Region-2 FACs and thus SAPS378

(Anderson et al., 1993; Southwood & Wolf, 1978). This large-scale SAPS should have379

a spatial scale comparable with the partial ring current and can extend several hours of380

MLT. However, when a localized injection entering the inner magnetosphere and merg-381

ing into the pre-existing partial ring current, a localized pressure peak should form. At382

the same time, due to the diamagnetic effect, a local magnetic field dip can develop at383

the same location. The gradient of the flux tube volume points towards the local mag-384

netic minimum. Therefore, the perturbed plasma pressure gradient and the flux tube vol-385

ume gradient give rise to two pairs of FACs. The duskside pair is the Region-2 sense down-386

ward FACs close to the Earth and Region-1 sense upward FACs further away from the387
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Earth. The other pair closer to midnight would have opposite polarity. These two pairs388

of FACs thus comprise a two-loop current wedge (2LCW). In duskside ionosphere, the389

Region-2 sense FACs close through poleward Pederson current and then upward Region-390

1 sense FACs. This Pederson current flows in a low-conductivity region equatorward of391

the electron precipitation boundary and thus leads to a large poleward electric field, i.e.,392

SAPS electric field. Meanwhile, these FACs pairs superpose on top of the large-scale FAC393

systems near the equatorward edge of the aurora oval. This 2LCW can also explain the394

magnetic dip in the MGSE x direction. At the dusk side, the MGSE Bx component can395

be considered westward. Both the downward FAC earthward of the dip and upward FAC396

further away from the dip can generate an eastward magnetic disturbance and thus re-397

duce the Bx component in the MGSE coordinates. Note that this 2LCW should be dif-398

ferentiated against the 2L substorm current wedge (SCW). The latter is formed after sub-399

storm onset although the formed FACs have similar polarities. In addition, no local mag-400

netic field dip is invoked in the 2L SCW scenario. This mechanism can also be applied401

to LS-SAPS: The spatial scale of the SAPS depends on the scale of the particle injec-402

tion. Injections can have variable scales from less than 1 hour in MLT, e.g. in this event,403

to three hours in MLT in substorm injections, to the whole night side during sawtooth-404

type injections (Arnoldy & Moore, 1983; Clauer, Cai, Welling, DeJong, & Henderson,405

2006; McPherron, 2015). Thus, the scale-size of the SAPS enhancement should be di-406

rectly related with the scale-size of injections.407

Auroral streamers in the ionosphere have been proposed to be the corresponding408

signature of flow bursts in the equatorial magnetosphere or injections when flow bursts409

reach the geosynchronous orbit (Forsyth et al., 2008; Henderson, Reeves, & Murphree,410

1998; Nakamura et al., 2001; Sergeev et al., 1999; Zou, Lyons, Wang, et al., 2009). Gallardo-411

Lacourt et al. (2017) showed that 98% streamers reaching equatorward boundary of the412

auroral oval are associated with SAPS and there is a strong correlation between the du-413

ration of SAPS and streamers. Nishimura et al. (2011) showed that not all streamers can414

lead to substorm onset. Thus, it is reasonable to infer that substorm onset is not nec-415

essary for streamers or particle injections, and thus SAPS. Enhanced auroral activity was416

indeed observed during the first equatorward flow and SAPS enhancement, but it was417

not observed during the second case. This is very likely because the flow burst was ob-418

served by SuperDARN beams looking west of the ASI, and thus the corresponding au-419

rora activity is out of the field-of-view of the ASI.420

Dispersionless particle injections are often observed during substorms right at or421

slightly after the substorm onset and have been used as a reliable substorm onset indi-422

cator. However, injections and substorms do not have a one-to-one correspondence (e.g.423

Angelopoulos et al., 1992; Gkioulidou et al., 2014). Sergeev et al. (1990) showed that in-424

jections can occur during steady convection time in addition to substorm time. This also425

suggests that substorm onset may not be necessary for injections and thus the forma-426

tion of SAPS. Instead, SAPS can be generated directly by particle injections.427

4 Summary and Conclusions428

In this study, we performed a detailed case study of SAPS during the storm recov-429

ery phase on May 18, 2013 using conjugate VAP and SuperDARN as well as other com-430

plementary instruments. Energetic ion injections, energetic electron flux decrease, and431

local magnetic field dip were observed at the same time as the SAPS electric field by VAP-432

A deep in the inner magnetosphere at 3.5 Re. The formation mechanism of the SAPS433

is suggested to be due to energetic particle injection together with the magnetic field dis-434

tortion due to the injected particles’ diamagnetic effect, which can generate a localized435

2LCW with SAPS on its western side. SAPS is also shown to be part of the equator-436

ward boundary of the Harang reversal, which started to develop before the substorm on-437

set. Considering the correspondence between substorms and injections is not one-to-one,438

we suggest that SAPS can be generated directly due to particle injections induced pres-439
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sure and flux tube volume gradients, no matter whether these injections are directly re-440

lated with a substorm onset or not.441
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Figure 1. SAPS event on May 18 2013. (a) Solar wind and geomagnetic data from OMNI.

(b) Electric field in the MGSE coordinate from EFW. (c) Magnetic field in GSM coordinate

from EMFISIS. (d) Electron density from the spacecraft potential. (e) Differential ion flux from

MagEIS with energy between 50 keV and 1 MeV. (f) Differential electron flux from MagEIS with

energy between 50 keV and 1 MeV. (g) Differential proton flux from HOPE with energy below 50

keV. (h) Differential electron flux from HOPE with energy below 10 keV. (i) Perpendicular ion

pressure from HOPE. (j) Perpendicular ion pressure from MagEIS.
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Figure 2. Eight selected maps of the SuperDARN line of sight (los) velocity in the dusk side

with ground-based magnetometers, footprints of VAP and GOES, and orbits of AMPERE. Color

represents the velocity relative to the radar. Blue means flows are towards the radar and red

means flows are away from the radar.
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Figure 3. Continued Figure 2.
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Figure 4. (a) Range-time-intensity (velocity) diagram for the CVW beam 14. The red line

represents the AMPERE orbital plane in ∼ 20 MLT and the black arrow represents the vector of

the magnetic perturbations. (b) Range-time-intensity (velocity) diagram for the CVE beam 9.
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Figure 5. (a) Range-time-intensity (velocity) diagram for the CVE beam 0. (b) Keogram fron
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Figure 6. (a) VAP and GOES orbits in the xy plane of GSM coordinate. (b) GOES 15 pro-

ton flux. (c) GOES 15 electron flux. (d) GOES magnetic field in GSM coordinate.
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Figure 7. Northward components of the terrestrial magnetic field measured by the ground-

based magnetometer stations (taken from SuperMAG).
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Figure 8. A schematic diagram of the convection flows, field-aligned currents and magnetic

perturbations near the Harang reversal.
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Figure 9. A schematic diagram of the formation of 2LCW and SAPS in the inner magneto-

sphere.
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