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Abstract

Solar eruptions cause geomagnetic storms in the near-Earth environment, creating spectacular aurorae visible to the human eye

and invisible dynamic changes permeating all of geospace. Just equatorward of the aurora, radars and satellites often observe

intense westward plasma flows called subauroral polarization streams (SAPS) in the dusk-to-midnight ionosphere. SAPS occur

across a narrow latitudinal range and lead to intense frictional heating of the ionospheric plasma and atmospheric neutral gas.

SAPS also generate small-scale plasma waves and density irregularities that interfere with radio communications. As opposed to

the commonly observed duskside SAPS, intense eastward subauroral plasma flows in the morning sector were recently discovered

to have occurred during a super storm on 20 November 2003. However, the origin of these flows termed “dawnside SAPS” could

not be explained by the same mechanism that causes SAPS on the duskside and has remained a mystery. Through real-event

global geospace simulations, here we demonstrate that dawnside SAPS can only occur during major storm conditions. During

these times the magnetospheric plasma convection is so strong as to effectively transport ions to the dawnside, whereas they are

typically deflected to the dusk by the energy-dependent drifts. Ring current pressure then builds up on the dawnside and drives

field-aligned currents that connect to the subauroral ionosphere, where eastward SAPS are generated. The origin of dawnside

SAPS explicated in this study advances our understanding of how the geospace system responds to strongly disturbed solar

wind driving conditions that can have severe detrimental impacts on human society and infrastructure.
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drive the eastward SAPS.19
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Abstract20

Solar eruptions cause geomagnetic storms in the near-Earth environment, creating spec-21

tacular aurorae visible to the human eye and invisible dynamic changes permeating all22

of geospace. Just equatorward of the aurora, radars and satellites often observe intense23

westward plasma flows called subauroral polarization streams (SAPS) in the dusk-to-24

midnight ionosphere. SAPS occur across a narrow latitudinal range and lead to intense25

frictional heating of the ionospheric plasma and atmospheric neutral gas. SAPS also gen-26

erate small-scale plasma waves and density irregularities that interfere with radio com-27

munications. As opposed to the commonly observed duskside SAPS, intense eastward28

subauroral plasma flows in the morning sector were recently discovered to have occurred29

during a super storm on 20 November 2003. However, the origin of these flows termed30

“dawnside SAPS” could not be explained by the same mechanism that causes SAPS on31

the duskside and has remained a mystery. Through real-event global geospace simula-32

tions, here we demonstrate that dawnside SAPS can only occur during major storm con-33

ditions. During these times the magnetospheric plasma convection is so strong as to ef-34

fectively transport ions to the dawnside, whereas they are typically deflected to the dusk35

by the energy-dependent drifts. Ring current pressure then builds up on the dawnside36

and drives field-aligned currents that connect to the subauroral ionosphere, where east-37

ward SAPS are generated. The origin of dawnside SAPS explicated in this study advances38

our understanding of how the geospace system responds to strongly disturbed solar wind39

driving conditions that can have severe detrimental impacts on human society and in-40

frastructure.41

Plain Language Summary42

Solar eruptions of mass and magnetic field can trigger geospace storms. The most43

well-known storm phenomenon is the aurorae in the Earth’s high latitude upper atmo-44

sphere. Below the latitude of auroral boundary, i.e., in the subauroral region, westward45

plasma flows from hundreds of m/s to a few km/s are often observed from afternoon to46

midnight during geomagnetically active periods. The fast plasma flows have important47

space weather effects due to their very large speed over a narrow latitudinal range. It48

was newly discovered that similar fast eastward plasma flows exist on the dawnside sub-49

auroral region during an extreme geomagnetic storm on 20 November 2003. However,50

origin of the dawnside subauroral fast flow is still a mystery. This study demonstrates51

that the dawnside subauroral fast flow only occurs during very strong geomagnetic storms52

when the magnetospheric ions can be transported to and accumulate in the morning sec-53

tor to build up plasma pressure and currents to generate the subauroral plasma flow in54

the ionosphere. This mechanism is important for us to understand how the geospace re-55

sponds to geomagnetic storms, especially when the storm activity level is extremely high56

that it may have severe adverse effects on human society and infrastructure.57

1 Introduction58

Aurorae are the most prominent visible manifestations of geomagnetic storms caused59

by solar disturbances. Just equatorward of the aurora, invisible to the human eye, radars60

and orbiting satellites often observe in the dusk-to-midnight ionosphere intense westward61

plasma flows with speeds from hundreds of m/s to a few km/s, called subauroral polar-62

ization streams (SAPS). SAPS have important space weather effects due to the very large63

plasma flow velocity variation across a narrow latitudinal range of typically less than ∼64

5◦ (e.g., Foster et al., 2002). This mesoscale structure of SAPS can result in locally en-65

hanced thermospheric temperature (e.g., Wang et al., 2012), small-scale electric field os-66

cillations (e.g., Foster et al., 2004), and plasma density irregularities (e.g., Mishin & Blaun-67

stein, 2008). Various data sources have revealed that SAPS occur mostly in the dusk sec-68

tor although the westward SAPS flow channel may extend to the post-midnight and early69
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morning sectors during strong geomagnetic activity (e.g., Foster et al., 2002; He et al.,70

2014; Kunduri et al., 2017; Landry & Anderson, 2018; Aa et al., 2020). The preponder-71

ance of SAPS on the duskside is explained by the physics of their generation. SAPS are72

driven by a strong poleward electric field equatorward of the electron auroral boundary73

where the ionospheric conductance is relatively low but there are still finite downward74

field-aligned currents (FACs) in the low latitude portion of the Region-2 FACs (e.g., P. An-75

derson et al., 1993, 2001; Foster et al., 2002; Mishin et al., 2017). The gap between the76

equatorward boundaries of electron precipitation and downward Region-2 FACs origi-77

nates from the inner magnetosphere. During geomagnetically active times, ions pene-78

trate deeper and closer to the Earth than electrons, making the ion ring current inner79

boundary more inward than the electron plasma sheet (e.g., Califf et al., 2016). How-80

ever, since the ion magnetic drifts are westward, the ring current pressure peak is usu-81

ally located in the premidnight sector (e.g., Fok et al., 1996). The Region-2 FACs, which82

are mainly driven by the azimuthal gradient of ring current pressure (e.g., Vasyliunas,83

1970), also tend to shift further equatorward and be more intense on the duskside than84

on the dawnside (e.g., Ebihara & Ejiri, 2000; B. Anderson et al., 2005; Zheng et al., 2006).85

On the other hand, electrons drift eastward making the diffuse electron precipitation cen-86

tered in the postmidnight sector. The equatorward precipitation boundary is located at87

a lower latitude on the dawnside than on the duskside (e.g., Newell et al., 2009). Deeper88

penetration of ions than electrons thus occurs more often in the dusk to midnight sec-89

tor. It is, therefore, not surprising that SAPS occur predominantly on the duskside and90

flow westward.91

However, Horvath and Lovell (2021) and Huang et al. (2021) recently reported east-92

ward plasma flows in the dawnside subauroral region observed by the Defense Meteo-93

rology Satellite Programs (DMSP) satellites during the 20 November 2003 super storm,94

which they termed “dawnside SAPS”. Here, as a convention, a geomagnetic storm is clas-95

sified by its minimum disturbance storm time index Dstmin (e.g., Gonzalez et al., 1994;96

J. Zhang et al., 2003). A storm is designated as weak if -50 nT< Dstmin < -30 nT, mod-97

erate if -100 nT < Dstmin < -50 nT, intense if -250 nT < Dstmin < -100 nT, or a super-98

storm if Dstmin < -250 nT. Furthermore, we refer to intense and super storms together99

as major storms. Similar to the duskside SAPS, dawnside SAPS can be explained by the100

enhanced subauroral electric field, except the directions of the dawnside meridional elec-101

tric field, FACs and plasma flow are opposite to those on the dusk side. However, crit-102

ical questions remain to be answered: Are dawnside SAPS also driven by current clo-103

sure in the ionosphere? What are the dawnside ring current and FAC distributions when104

dawnside SAPS occur during major storms? How are the dawnside currents different from105

the duskside ones during typical SAPS events? What is the role of the strong solar wind106

and IMF driving conditions in generating dawnside SAPS?107

These questions are also critical to understanding whole geospace coupling, espe-108

cially during major storms which could cause severe adverse effects in human society and109

infrastructure. One of the important aspects of space weather is dawn-dusk asymmetry110

of these powerful events. For instance, Ohtani et al. (2018) reported highly deflected ge-111

omagnetic field on the ground in the morningside mid-latitudes during four intense ge-112

omagnetic storms, which caused unusual geomagnetically induced current (GIC) events.113

Ohtani et al. (2018) analyzed the ground-based magnetometer measurements to reveal114

the formation of a dawnside current wedge system. In this current system, the westward115

electrojet in the dawnside ionosphere is fed by an unbalanced downward FAC at its east-116

ward edge and is drained by an unbalanced upward current at its westward edge. Ohtani117

(2021) additionally demonstrated that this current system is a characteristic feature of118

the magnetosphere-ionosphere coupling during the storm main phase. Furthermore, the119

dawnside current wedge was shown to correspond to a configuration in which the west-120

ward electrojet on the dawnside was more intense compared to the eastward electrojet121

on the duskside, while the equatorial magnetospheric current had the opposite dawn-dusk122

asymmetry: it was stronger on the duskside than on the dawnside. While in this paper123
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we do not demonstrate a direct relationship between the dawnside current wedge sys-124

tem and dawnside SAPS, both represent intrinsic dawn-dusk asymmetry of the geospace125

system during intense storms.126

In this study, we address the science questions raised above and uncover the driv-127

ing mechanisms of dawnside SAPS observed during the super storm on 20 November 2003128

with observational data from DMSP satellites and simulations using the Multiscale Atmosphere-129

Geospace Environment (MAGE) model (Pham et al., 2022). The MAGE model was re-130

cently used to resolve the mesoscale structure of and self-consistently characterize the131

magnetosphere-ionosphere coupling during SAPS (Lin et al., 2021). We compare auro-132

ral precipitation, ionospheric ion drifts, and magnetic perturbations between the dawn133

and dusk sides, and between different stages of the storm from both observations and134

model simulations. The formation of dawnside SAPS is attributed to the strong convec-135

tion electric field in the magnetosphere which enables plasma sheet ions to access the136

dawnside inner magnetosphere and build up the ring current pressure there. Substan-137

tial upward Region-2 FACs develop inside the electron plasmasheet boundary as a re-138

sult of the azimuthal pressure gradient and ultimately drive the dawnside SAPS. Test139

particle simulations and controlled numerical experiments are carried out to further demon-140

strate the dependence of ion drifts and dawnside SAPS on the strength of the magne-141

tospheric convection.142

2 Model setup143

MAGE is a newly developed geospace model that was designed in particular to re-144

solve and study mesoscale structures during storms, such as SAPS (Lin et al., 2021), trav-145

eling ionospheric disturbances (Pham et al., 2022), and plasma sheet bursty bulk flows146

(K. Sorathia et al., 2021). The MAGE configuration used in the present study couples147

the Grid Agnostic MHD for Extended Research Applications (GAMERA) global MHD148

model of the magnetosphere (B. Zhang et al., 2019; K. Sorathia et al., 2020), the Rice149

Convection Model (RCM) model of the ring current (Toffoletto et al., 2003), Thermo-150

sphere Ionosphere Electrodynamics General Circulation Model (TIEGCM) of the up-151

per atmosphere (Richmond et al., 1992), and the RE-developed Magnetosphere-Ionosphere152

Coupler/Solver (REMIX) (Merkin & Lyon, 2010). GAMERA is a new MHD model based153

on the algorithms underlying the high-heritage Lyon-Fedder-Mobbary (LFM) model (Lyon154

et al., 2004). Furthermore, MAGE carries on the legacy of an earlier coupled geospace155

model developed by the same group (e.g., Lin et al., 2019), but is based on an entirely156

new coupling infrastructure.157

In this study, MAGE uses a moderate grid resolution which is sufficient for resolv-158

ing the mesoscale structure of SAPS (Lin et al., 2021). Specifically, GAMERA uses 96×159

96×128 grid cells in the radial, meridional, and azimuthal directions, respectively, where160

the spherical symmetry axis of the grid is pointing from Earth to Sun. The radial grid161

spacing is ∼ 0.2 RE near the inner boundary, which is set at 1.5 RE . RCM uses 180×162

360×115 grid cells in the latitudinal, longitudinal (in Solar Magnetic, SM, coordinates),163

and energy dimensions, respectively. The RCM grid has a resolution of 0.25◦ in latitude164

and 1◦ in longitude. In the energy dimension, there are 29 energy channels for electrons,165

85 energy channels for protons, and 1 zero-energy channel for the cold plasmasphere. The166

energy invariants of these channels correspond to electron kinetic energy of ∼10 eV to167

∼10 keV and ion kinetic energy of 10s eV to ∼100 keV at the geosynchronous orbit. The168

energy grid has a good coverage of the typical energy range of ions consisting the ring169

current and electrons that contribute to the diffuse electron precipitation. REMIX grid170

uses 55 x 360 grid cells in the latitudinal and longitudinal directions (in SM), respectively.171

Its resolution is 1.0◦ in both dimensions and the low latitude boundary is at 35◦ mag-172

netic latitude (MLAT). TIEGCM uses 288×144×57 cells in longitudinal, latitudinal,173

and altitudinal directions (in geographic coordinate system), respectively. It has a uni-174

form horizontal resolution of 1.25◦ and a vertical pressure grid of 0.25 scale height. GAM-175
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ERA and TIEGCM both adopt a ring-average technique to treat the singularity at the176

spherical axes of their respective grids (B. Zhang et al., 2019b; Dang et al., 2021). GAM-177

ERA and RCM exchange information every 10 s, GAMERA and REMIX every 5 s, and178

REMIX and TIEGCM every 5 s.179

Figure 1. Solar wind/IMF and SYMH/Kp geomagnetic indices during 20 November 2003. (a)

IMF BY (green) and BZ (blue) in Geocentric Solar Magnetospheric System (GSM) coordinates.

(b) Solar wind velocity GSM VX . (c) Solar wind density. (d) SYMH (green) and Kp indices

(blue).

Figures 1a-1d show the solar wind/interplanetary magnetic field (IMF) conditions180

and SYMH/Kp geomagnetic activity indices during 20 November 2003. The data were181

obtained from the CDAWeb OMNI data base. The solar wind and IMF data were used182

to drive the MAGE model. A coronal mass ejection (CME) arrived at the Earth at around183

08 UT on 20 November 2003. The solar wind speed was over 600 km/s for the next 8184

hours. The solar wind density reached 20/cc, greatly enhancing the dynamic pressure185

impacting on the magnetosphere. Strong IMF started to impact the magnetosphere with186

a negative BZ as large as -20 nT in the first two hours after the sudden storm commence-187

ment and enhanced to -50 nT by 15 UT. IMF BY also gradually increased to +40 nT188

during the main phase and then turned to -20 nT in the recovery phase. The SYMH in-189

dex reached a minimum of -457 nT at around 18 UT after which it gradually recovered.190
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3 Observations and simulation results191

3.1 Structure of dawnside SAPS192

Figures 2a-2e show an example of SAPS observed by the DMSP F16 satellite dur-193

ing its crossing of the northern high-latitude ionosphere from 13:51 UT to 14:31 UT. From194

top to bottom are DMSP measurements of electron precipitation energy spectrum, in-195

tegrated electron precipitation energy flux (EnFlux), cross-track ion drift velocity (VHORZ),196

electron density, cross-track magnetic perturbation (dBZ), and the derived FAC density.197

The data are smoothed with a 15 s moving mean window to emphasize structures on the198

scale of ∼100 km and larger. The vertical dashed lines show the time when EnFlux drops199

to 0.2 mW/m2 and are used to indicate the equatorward electron precipitation bound-200

aries. Subauroral regions equatorward of those boundaries and poleward of 35◦ MLAT201

are shaded with the magenta color. FAC densities are calculated from dBZ by using Am-202

pere’s Law, assuming a one-dimensional current sheet (e.g., Higuchi & Ohtani, 2000; Kil-203

commons et al., 2017; Xiong et al., 2014). In the northern hemisphere, downward FACs204

are positive and upward FACs are negative. The green shaded regions highlight the up-205

ward FACs on the dawnside and downward FACs on the duskside, which are Region-2206

currents. The FAC boundaries are estimated with a threshold value of 0.05 µA/m2. Note207

that the FACs show alternating upward and downward signatures on the duskside, which208

imply finer structures embedded in the large-scale Region-1/Region-2 FACs (e.g., Xiong209

et al., 2014; Liu et al., 2021). Small scale FAC structures away from the equatorward210

auroral boundaries are not shaded for better visibility.211

Figure 2c shows a separate sunward (westward) ion drift channel on the duskside212

around 13:58 UT with a peak value of nearly 1.6 km/s, marked with the thick blue hor-213

izontal bar. This is a typical duskside SAPS structure that has been widely observed and214

studied. More interestingly, there are also strong plasma flows on the dawnside equa-215

torward of electron auroral boundary at about 56◦ MLAT. This flow has a magnitude216

of up to 1 km/s in the sunward/eastward direction. These dawnside subauroral flow struc-217

tures are hereinafter referred to as the dawnside SAPS. Note that Horvath and Lovell218

(2021) showed several examples of dawnside SAPS observed by DMSP F13 only. Here219

we have examined all available DMSP data on 20 November 2003 that provide additional220

evidence for the dawnside SAPS observed by DMSP F13, F14, and F15 in the Support-221

ing Information (Figures S1, S2, and S3). The dawnside SAPS are also collocated with222

the low-latitude part of Region-2 FACs, which are upward on the dawnside. While the223

electron density data show a trough structure collocated with the SAPS channel on the224

duskside, it does not show an apparent trough on the dawnside. An electron density trough225

forms in the premidnight sector due to the opposite directions of convection and coro-226

tation. Plasma flux tubes thus can stay much longer in the subauroral region for the plasma227

density to be depleted by recombination. On the dawnside, however, convection and coro-228

tation are along the same direction thus not favoring plasma depletion to form a trough229

structure (Spiro et al., 1978; Moffett & Quegan, 1983; Rodger et al., 1992). This is prob-230

ably why the dawnside SAPS do not show a distinct channel as the dusk SAPS do.231

Figures 2f-2h show the MAGE model outputs of EnFlux, VHORZ , and FAC den-232

sity sampled along DMSP F16 trajectory during the same time interval. The sampled233

simulation results are also smoothed with a 15 s moving mean to remove small-scalle fluc-234

tuations. Using a similar format in Figure 2b, Figure 2g shows a duskside SAPS flow chan-235

nel at ∼ 19.5 magnetic local time (MLT) and ∼ 50◦ MLAT with a peak speed of ∼ 1.2236

km/s. On the dawnside, eastward subauroral flows are visible at around 8.6 MLT and237

∼ 54◦ MLAT, with a peak speed of ∼ 1.0 km/s. Both the duskside and dawnside SAPS238

are collocated with the low latitude part of Region-2 FACs, which are downward on the239

duskside and upward on the dawnside.240

Figures 2i and 2j illustrate the SAPS generation processes by showing the north-241

ern hemispheric distributions of zonal ion drift at 13:57 UT and 14:22 UT when DMSP242
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F16 was located inside the duskside and dawnside SAPS, respectively. Here, the zonal243

drift is viewed from above the north pole and defined as positive for the eastward flow.244

The magenta curve shows the equatorward auroral boundary, which is identified by find-245

ing at each MLT where EnFlux drops to below 0.2 mW/m2. The cyan and green curves246

show the equatorward boundaries of downward and upward FACs, respectively, where247

the FAC density magnitude drops to below 0.05 µA/m2 at each MLT. For instance, at248

13:57 UT, a SAPS channel, i.e., enhanced plasma flow equatorward of the auroral bound-249

ary, can be seen on the duskside from 17 MLT to ∼ 22 MLT at around 50◦ MLAT, and250

on the dawnside from 0 MLT to about 10 MLT slightly above 50◦ MLAT. The FAC equa-251

torward boundaries are located at a lower latitude than the electron precipitation equa-252

torward boundaries on both the duskside and dawnside. As a result of current closure,253

strong poleward and equatorward electric fields are produced in the low conductance sub-254

auroral regions, which drive westward and eastward SAPS on the duskside and dawn-255

side, respectively.256

Note that the simulated integrated electron precipitation energy flux on the dawn-257

side is more than 20 mW/m2, which is obviously overestimated compared to DMSP mea-258

surements. We attribute this to the electron precipitation model used in this MAGE sim-259

ulation, where a uniform and constant electron loss rate is applied when deriving the dif-260

fuse electron precipitation (Lin et al., 2021). However, the overestimated electron pre-261

cipitation should not affect the dawnside SAPS fundamentally except introducing a lat-262

itudinal minimum in VHORZ . The equatorward electric field that drives the eastward sub-263

auroral flow is determined by the large scale upward Region-2 FACs which requires clos-264

ing via the equatorward Pedersen currents from the downward Region-1 FACs at higher265

latitudes. A stronger precipitation energy flux can nevertheless generate a latitudinally266

narrow high ionospheric conductance band and hence a weaker equatorward electric field267

and a weaker eastward zonal drift, forming a separate flow channel-like distribution of268

ion drifts in the simulation results.269

3.2 Occurrence of dawnside SAPS270

Figures 3a and 3b compare the SAPS structures detected by DMSP F13 during271

quiet time and storm time to understand the occurrence of dawnside SAPS. Figure 3a272

shows the cross track ion drift from 06:22 UT to 06:52 UT before the sudden storm com-273

mencement when SAPS already occurred on the duskside but not on the dawnside. Note274

here we only show the VHORZ data to focus on the SAPS structures as the analysis method275

has been demonstrated in Figure 2. Details about FAC, electron precipitation, and elec-276

tron density are provided in the Supporting Information as Figures S4-S7. Between the277

equatorward boundaries of electron precipitation and Region-2 FACs are SAPS indicated278

by the blue horizontal bar. On the dawnside, however, there is only a very narrow re-279

gion of upward Region-2 FACs equatorward of the electron precipitation boundary, where280

the FAC density is only slightly above the threshold value of 0.05 µA/m2. The VHORZ281

data also shows only negligible horizontal drifts. Therefore, we infer no dawnside SAPS282

at around 06:30 UT before the sudden storm commencement.283

Figure 3b shows VHORZ measured from 18:15 UT to 18:45 UT when the SYMH284

index was near its minimum. A separate SAPS channel is clearly visible on the dusk-285

side with a peak speed of ∼1.2 km/s. The auroral boundary moved equatorward by about286

15◦ at this MLT of around 18. On the dawnside, a substantial eastward SAPS channel287

is also identifiable with a peak speed of more than 1 km/s, similar to the one showed in288

Figure 2. Note in Figure 3b the green shaded area indicating upward Region-2 FACs is289

overlapping with the magenta shading.290

Figures 3c and 3d show the MAGE simulation results for the same two intervals.291

Similarly, SAPS already occurred on the duskside but not on the dawnside at around292
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06:30 UT. Whereas in the main phase, substantial SAPS with peak speeds of more than293

1 km/s are found on both the duskside and dawnside.294

Both the DMSP data and MAGE simulation results reveal that the most impor-295

tant change related to the occurrence of dawnside SAPS was the location of the equa-296

torward FAC boundary relative to the equatorward precipitation boundary. Figures 3e297

and 3f provide a more illustrative view of the SAPS evolution during the storm with MAGE298

simulated zonal ion drifts at 06:30 UT and 18:30 UT, respectively. The format is sim-299

ilar to that in Figures 2i and 2j. Before the storm started, the upward Region-2 FAC bound-300

ary was very close to the auroral boundary on the dawnside, which was also located at301

a lower latitude than on the duskside. Refer to the green and magenta curves in Figure302

3e. Therefore, there were no dawnside SAPS formed there. When the storm activity level303

reached its peak, both the upward Region-2 FAC boundary and the auroral boundary304

extended equatorward. However, the FAC boundary moved equatorward by several more305

degrees than the auroral boundary equatorward expansion, and dawnside SAPS formed306

in the gap between the two boundaries. Refer to the green and magenta curves in Fig-307

ure 3f and also the red belt between the two boundaries representing the eastward SAPS308

channel.309

The Region-2 FACs are mainly driven by the azimuthal pressure gradient in the310

inner magnetosphere (e.g., Vasyliunas, 1970). Figures 3g and 3h show the northern iono-311

spheric FAC distribution at 06:30 UT and 18:30 UT, respectively, where positive cur-312

rents are downward and negative currents are upward. Note that the color scale is twice313

larger in Figure 3h than in Figure 3g. The upward Region-2 FACs on the dawnside are314

thus much stronger at 18:30 UT than at 06:30 UT. Figures 3i-3j show the plasma pres-315

sure distributions in the magnetospheric equatorial plane on a logarithmic scale. Note316

here that the color scale is one order of magnitude higher in Figure 3h for 18:30 UT when317

the ring current pressure was significantly enhanced. The black curves show plasma pres-318

sure contours separated by 2 nPa in Figure 3i and by 20 nPa in Figure 3j, which imply319

a substantial increase in pressure gradient at 18:30 UT compared to 06:30 UT. In par-320

ticular, the azimuthal pressure gradient was greatly enhanced at almost all MLTs at 18:30321

UT, which should account for the substantial strengthening of upward Region-2 FACs322

and the occurrence of dawnside eastward SAPS in the storm main phase as shown in Fig-323

ures 3f and 3h.324

3.3 Origin of dawnside SAPS325

To better understand how the ring current and Region-2 FACs develop on the dawn326

and dusk sides, we analyze the ring current pressure and ion convection drift with the327

RCM simulation results. Figures 4a and 4b show the the ring current partial pressure328

as a function of proton energy and UT in the dusk and dawn. The pressure is sampled329

at the geosynchronous orbit of L = 6.6 at 18 MLT and 06 MLT, respectively. Figure330

4a shows that the duskside ring current pressure started to build up at around 5 UT when331

IMF BZ turned southward. However, Figure 4b shows that the dawnside ring current332

pressure from above 10 keV does not dramatically enhance until ∼08:45 UT when the333

solar wind speed jumped to more than 600 km/s. The simulation results suggest that334

the total ring current pressure is predominantly contributed by protons with energies from335

10 keV to 100 keV during the storm main and recovery phases, which is consistent with336

the recent observational finding by Zhao et al. (2015)337

The distinct responses of 10-100 keV energetic protons on the duskside and dawn-338

side are responsible for the different occurrences of SAPS on the two sides as discussed339

in Section 3.2. Transport of energetic ions in the inner and middle magnetosphere can340

be well described by adiabatic particle motion theory (e.g., Wolf, 1983). The particle ki-341

netic energy increases during the adiabatic transport toward the inner magnetosphere342

as λ = WV 2/3 is conserved along the drift path. Here λ is an energy invariant, W is343
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the particle kinetic energy, and V is the flux tube volume defined as
∫ nh

sh
ds
B (Toffoletto344

et al., 2003). While energy-dependent magnetic curvature and gradient drifts deflect the345

ions westward toward the duskside, they can be transported to the dawnside when the346

E⃗×B⃗ convection is stronger (Korth et al., 1999). Figures 4c and 4d illustrate the tran-347

sition from a configuration dominated by magnetic drift during relatively quiet time to348

that dominated by the electric drift during storm time. The colorbar shows the ratio be-349

tween the E⃗×B⃗ drift speed (|VE⃗×B⃗ |) and the magnetic drift speed (|VRC ,∇B |) derived350

from RCM outputs for ions with the same energy invariant λ = 1139.0. These ions have351

kinetic energies of a few keV when they are in the plasma sheet X ∼ −15 RE . The cyan352

curves indicate where their kinetic energy reaches 10 keV and 100 keV during the adi-353

abatic transport to the inner magnetosphere. With a logarithmic scale, positive values354

show where the electric drift is dominant and negative values show where the magnetic355

drift is dominant. It can be seen that ions are dominated by the magnetic drifts at 06:30356

UT and by the E⃗ × B⃗ drift at 18:30 UT as they are energized to typical ring current357

levels (10-100 keV). The magenta curves show the contour of the total effective poten-358

tial (Toffoletto et al., 2003) separated by 20 kV for the chosen energy invariant, which359

are equivalent to the drift path. During relatively weak convection, energetic ions sel-360

dom reach the dawnside. Whereas during strong convection, a larger cross-section of the361

magnetotail can now drift to the dawnside. Note the comparison between quiet time and362

storm time is also valid for ions with other energy invariants. See Figure S8 in the Sup-363

porting Information for λ = 338.2 and λ = 3032.9. The fiducial energy channel of λ =364

1139.0 is chosen because on average ions in this channel contribute the most to the to-365

tal ring current pressure.366

To further verify the dependence of energetic proton drifts on the strength of mag-367

netospheric convection and their connection to the Region-2 FACs, we traced the tra-368

jectories of protons with a test particle model using the electromagnetic fields from the369

MAGE simulation. The test particle model used was the Conservative Hamiltonian In-370

tegrator of Magnetospheric Particles (CHIMP) model described in detail by Ukhorskiy371

et al. (2015), K. Sorathia et al. (2017), and K. A. Sorathia et al. (2018). We consider pro-372

tons with initial energies between 1 and 50 keV. Test particles were released from the373

nightside equatorial plane between 21 MLT and 3 MLT at a radial distance between 14.5374

RE and 15.5 RE . In the two CHIMP runs, protons were released at 6 UT and 18 UT,375

when the magnetospheric convection was very weak before the sudden storm commence-376

ment and when it was greatly enhanced during the main phase, respectively. Figures 4e377

and 4f show the distributions of test particle protons and background residual magnetic378

field dBZ with dipole subtracted in the equatorial plane 30 minutes after they were re-379

leased. The purple circles represent protons that were active near the equatorial plane380

with the size of the circles proportional to the particle energy. The green and cyan curves381

indicate the upward and downward FAC boundaries and the magenta curves indicate382

the equatorward auroral boundaries shown in Figures 3g-3h that are mapped to the mag-383

netosphere.384

In the first CHIMP simulation, protons released at 6 UT mostly drifted westward385

and were accelerated toward the duskside. Figure 4e shows that a number of 10-100 keV386

protons were transported toward the downward Region-2 FACs, i.e., the region enclosed387

by the cyan curve. However, few energetic protons were seen in the dawnside upward388

Region-2 FACs, i.e., the region enclosed by the green curve. Accordingly, SAPS were only389

generated on the duskside between the inner boundaries of downward Region-2 FACs390

(cyan curve) and electron precipitation (magenta curve). In the second CHIMP simu-391

lation, protons released at 18 UT experienced a much stronger magnetospheric convec-392

tion electric field. Figure 4f shows that significant amount of energetic protons accessed393

both the downward and upward Region-2 FACs on the duskside and dawnside, respec-394

tively. The inner boundaries of upward and downward Region-2 FACs are much closer395

to Earth than the inner electron precipitation boundary in both dawn and dusk, leav-396

ing SAPS formed in the gaps. The test particle proton trajectories are consistent with397
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the streamlines derived from the effective total potential discussed in Figures 4c-4d. Evo-398

lution of the test particle motion is shown in the Supporting Information Movie S1 and399

S2. Note the inner magnetospheric magnetic field was greatly enhanced at 18:30 UT com-400

pared to 06:30 UT, which was expected to reduce both magnetic and electric drift speeds.401

The transition of dominance from magnetic drift to electric drift is mainly attributed to402

the enhancement of electric field.403

4 Discussion404

The comparison between 06:30 UT and 18:30 UT in Figure 3 indicates the impor-405

tance of strong convection in the formation of dawnside SAPS. The dawnside SAPS had406

not been discussed until the recent work by Horvath and Lovell (2021) and Huang et al.407

(2021), probably because the necessary strong convection does not occur very often. Dur-408

ing weak and moderate storms dawnside ring current build-up is less efficient so that there409

are insufficient subauroral upward Region-2 FACs to produce noticeable dawnside SAPS.410

The dependence of energetic ring current ion access to the dawnside on strong solar wind411

driving conditions is also supported by satellite observations. In the Supporting Infor-412

mation Figure S9, we show the energetic proton flux in the range of 50-400 keV mea-413

sured by the LANL L1, L4, and L7 satellites during 20 November 2003. The energetic414

proton flux data show a clear difference between the dawnside and duskside. The dusk-415

side energetic proton flux reached a high level under both northward and southward IMF416

conditions, covering a much broader range of geomagnetic activity levels. Whereas the417

dawnside energetic proton flux distribution with IMF BZ shows much more significant418

preference to strong southward IMF conditions when the magnetospheric convection was419

expected to be much stronger.420

In a controlled MAGE experiment shown in the Supporting Information Figure S10,421

we artificially reduced all IMF components by a factor of ten while maintaining the same422

solar wind parameters. The reduced IMF has its strongest southward BZ of -5 nT, which423

is expected to trigger a much weaker storm. With greatly reduced magnetospheric con-424

vection, the duskside SAPS still occurred but the dawnside SAPS did not occur even dur-425

ing the storm main phase. The dawnside ring current pressure was also much weaker and426

closer to the equatorward auroral boundary. This controlled experiment provides an ad-427

ditional support for the dependence of dawnside SAPS on storm activity level.428

Ohtani et al. (2018) reported a list of major storms (Dst minimum < -100 nT) in429

their analysis of dawnside intensification of auroral electrojet and FACs (Table 1 in Ohtani430

et al. (2018)). The events were characterized by the ten largest hourly ground magnetic431

perturbations on record. We examined the DMSP data for these events. Dawnside SAPS432

were also found during those strong storm events except relatively weak dawnside SAPS433

signatures in the storm on 7 January 2005 which had a Dst minimum of -71 nT and should434

be classified as a moderate storm, and in the storm on 22 October 2001 which had a Dst435

minimum of -177 nT. A statistical survey of dawnside SAPS is necessary to better un-436

derstand their occurrence with a more detailed description of their dependence on the437

storm activity level.438

IMF BY was also very strong in the 20 November 2003 event. IMF BY increased439

to a maximum of positive 40 nT at around 12 UT during the early main phase. A strong440

IMF BY is known to cause a substantial dawn-dusk asymmetry of the coupled magnetosphere-441

ionosphere, (e.g., Shepherd & Ruohoniemi, 2000; Holappa et al., 2020; Kumar et al., 2020).442

We conducted another controlled experiment using a MAGE simulation in which IMF443

BY was artificially reduced to zero while other solar wind and IMF parameters were the444

observed values, which is shown in the Supporting Information as Figure S11. The dawn-445

side SAPS still occurred in this case despite a more dawn-dusk symmetric convection and446

FAC pattern. At 18:30 UT when the storm reached the strongest level as indicated by447

the SYMH index, substantial eastward subauroral plasma flow appeared in the dawn sec-448
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tor with a peak speed of ∼ 2 km/s. Therefore, IMF BY is not the determining factor449

for the generation of dawnside SAPS.450

It is necessary to clarify that the dawnside SAPS studied in this work are differ-451

ent from the recently reported dawnside polarization streams (DAPS) by Liu et al. (2020).452

Both DAPS and dawnside SAPS occur on the dawnside and refer to the enhanced east-453

ward plasma flows. But DAPS occur above the poleward auroral boundary inside the454

polar cap while dawnside SAPS occur equatorward of the auroral boundary at subau-455

roral latitudes. Dawnside SAPS only occur during major geomagnetic storms while DAPS456

do not require strong geomagnetic activity.457

There have also been reports of eastward subauroral plasma flows, (e.g., Ebihara458

et al., 2008; Voiculescu & Roth, 2008; Lileo et al., 2010; Horvath & Lovell, 2018), which459

are called abnormal SAPS or abnormal SAID. The eastward drifts and equatorward elec-460

tric fields of abnormal SAPS were suggested to be associated with the so-called over-shielding461

effects, i.e. Region-2 FACs dominating over Region-1 FACs due to IMF northward turn-462

ing or reduced convection under southward IMF. These abnormal cases occur in the dusk463

or premidnight sectors under relatively weak driving conditions and are thus different464

from the dawnside SAPS during major storms investigated in this study.465

5 Conclusion466

In this study we investigated the origin of dawnside SAPS during major geomag-467

netic storms. The dawnside SAPS consist of similar features to the typical SAPS on the468

duskside, including substantial Region-2 FACs extending to the equatorward side of the469

auroral low latitude boundary, and an enhanced meridional electric field in the subau-470

roral ionosphere that drives fast plasma flows toward the dayside. The dawnside SAPS471

occur during major geomagnetic storms when the magnetospheric convection is sufficiently472

strong. Energetic ring current ions are transported toward the dawnside and more in-473

ward than the electron plasmasheet boundary. Dawnside SAPS can be then generated474

by the intensified upward Region-2 FACs that are connected to the dawnside subauro-475

ral ionosphere. The characteristic dependence of magnetospheric and ionospheric plasma476

and currents on the convection level revealed in this study is an importance advance in477

our understanding of geospace response to very strong solar wind driving conditions, which478

could better prepare us for potential extreme space weather events.479
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Figure 2. (a-e) SAPS observed by DMSP F16 and (f-j) simulated by the MAGE model from

13:51 UT to 14:31 UT. (a) Electron precipitation energy spectrum. (b) Integrated electron pre-

cipitation energy flux (EnFlux). (c) Cross track ion drift velocity (VHORZ). (d) Electron density.

(e) Cross-track horizontal magnetic perturbation (orange) and the derived FAC density (black).

(f-h) MAGE simulation results of EnFlux, VHORZ , and FAC sampled along DMSP F16 tra-

jectory. (i-j) Zonal ion drift velocity distributions at 13:57 UT and 14:22 UT in the northern

hemisphere ionosphere viewed from the top of the north pole. The trajectory of DMSP F16 dur-

ing this polar cap crossing is shown by the black curves in (i-j), with the black circle and triangle

indicating the location at those two UTs. The magenta, cyan, and dark green curves in (i-j) in-

dicate the equatorward boundaries of auroral precipitation, downward FACs, and upward FACs,

respectively.
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Figure 3. Comparison of SAPS between storm time and before the storm. (a-b) DMSP F13

measurements of VHORZ during 06:22-06:52 UT, and during 18:15-18:45 UT. (c-d) MAGE sim-

ulation results of VHORZ sampled along DMSP F13 trajectories during the two intervals. (e-h)

MAGE simulation results of zonal ion drift and FAC in the northern hemispheric ionosphere at

06:30 UT and 18:30 UT, respectively. (i-j) Plasma pressure distribution in the magnetospheric

equatorial plane at 06:30 UT and 18:30 UT on a logarithmic scale.
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Figure 4. (a-b) Ring current pressure sampled at the geosynchronous orbit at 18 MLT and

06 MLT. (c-d) Ratio between electrostatic drift and magnetic drift speeds of ions with the same

energy invariant. The cyan curves show contours of kinetic energy of 10 keV and 100 keV. The

magenta curves show contours of effective potential separated by 20 kV, equivalent to ion drift

path. (e-f) Equatorial distributions of test particle protons 30 minutes after they were released

at 06 UT and 18 UT. The colorbar shows residual magnetic field BZ with dipole background

subtracted. The green, cyan, and magenta curves are ionospheric boundaries of upward and

downward FACs, and equatorward boundary of electron precipitation, respectively, mapped from

the northern hemisphere along geomagnetic field lines.–18–
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Introduction  

This supporting information provides additional figures of dawnside and duskside SAPS 
observed by DMSP (Figures S1-S5), simulated by MAGE (Figures S6-S7), comparison of 
electric and magnetic drifts (Figure S8), energetic proton fluxes measured by the LANL 
satellites at the geosynchronous orbit (Figure S9), controlled MAGE simulation 
experiments with ten times reduced IMF (Figure S10) and zero IMF BY (Figure S11), and 
animations showing the test particle convection-drift in the magnetosphere obtained 
with the CHIMP test particle simulations.  
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Figure S1. Dawnside and duskside SAPS observed by DMSP F13 from 14:02 UT to 14:32 
UT. The format is similar to that in Figure 2 of the main manuscript.  

 

Figure S2. Dawnside and duskside SAPS observed by DMSP F14 from 14:09 UT to 14:49 
UT. The format is similar to that in Figure 2 of the main manuscript.  
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Figure S3. Duskside SAPS observed by DMSP F15 from 13:40 UT to 14:20 UT. No 
substantial dawnside SAPS are identified. It is probably because the auroral crossing 
point of 11 MLT was near the eastward end of the dawnside SAPS channel. The format is 
similar to that in Figure 2 of the main manuscript.  
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Figure S4. Duskside SAPS observed by DMSP F13 during 06:17-06:57 UT. This plot 
contains more detailed information than Figure 3a in the main manuscript, where only 
the horizontal ion drift and auroral and FAC boundaries are shown. 

 

Figure S5. Duskside and dawnside SAPS observed by DMSP F13 during 18:10-18:50 UT. 
This plot contains more detailed information than Figure 3b in the main manuscript, 
where only the horizontal ion drift and auroral and FAC boundaries are shown. 
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Figure S6. Duskside SAPS simulated by MAGE during 06:17-06:57 UT. This plot contains 
more detailed information than Figure 3c in the main manuscript, where only the 
horizontal ion drift and auroral and FAC boundaries are shown. 
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Figure S7. Duskside and dawnside SAPS simulated by MAGE during 18:10-18:50 UT. This 
plot contains more detailed information than Figure 3d in the main manuscript, where 
only the horizontal ion drift and auroral and FAC boundaries are shown. 
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Figure S8. Ratio between electric and magnetic drifts for additional two energy 
invariants at 06:30 UT and 18:30 UT. Similar to the comparison shown in Figures 4c-4d 
based on lambda=1139.0, the ions with lambda=338.2 and lambda=3032.9 are also 
dominated by magnetic drifts at 06:30 UT and by electric drifts at 18:30 UT when they are 
energized to 10-100 keV during the adiabatic inward transport. 
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Figure S9. (a-c) Energetic proton fluxes in the energy range of 50-400 keV measured by 
the LANL L1, L4, and L7 satellites during 20-21 November 2003. The LANL satellites were 
in a geosynchronous orbit at different MLTs. The magenta curves indicate when each 
satellite was in the dawn sector, i.e., MLT<12. The cyan curves indicate when the satellites 
were in the dusk sector, i.e., MLT>=12. (d) IMF BZ. (e) Energetic proton flux distribution 
with IMF BZ when the satellites were in dawn (magenta crosses) and in the dusk (cyan 
pluses). 
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Figure S10. Controlled simulation results with ten times reduced IMF. (a-b) Zonal ion 
drifts in the northern hemisphere ionosphere with a similar format to Figures 3e-3f. (c-d) 
Plasma pressure in the magnetospheric equatorial plane with a similar format to Figures 
3g-3h. Both before the storm commencement at 06:30 UT and during the main phase at 
18:30 UT, duskside SAPS are formed in the gap between the equatorward boundary of 
electron precipitation (magenta curves around 18 MLT) and the equatorward boundary 
of downward Region-2 FACs (cyan curves around 18 MLT). But there are no obvious 
dawnside SAPS even during the main phase when the IMF is reduced by ten times. The 
sawtooth like upward FAC boundary in the prenoon sector at 18:30 UT in panel (b) is due 
to small scale FAC structures at ~50 deg MLAT. 



 
 

10 
 

 
Figure S11. Controlled simulation results with IMF BY=0. (a-b) Zonal ion drifts in the 
northern hemisphere ionosphere with a similar format to Figures 3e-3f. (c-d) Plasma 
pressure in the magnetospheric equatorial plane with a similar format to Figures 3g-3h. 
Both before the storm commencement at 06:30 UT and during the main phase at 18:30 
UT, duskside SAPS are formed in the gap between the equatorward boundary of electron 
precipitation (magenta curves around 18 MLT) and the equatorward boundary of 
downward Region-2 FACs (cyan curves around 18 MLT). Substantial dawnside SAPS are 
still formed during the main phase despite zero IMF BY.  
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Movie S1. A movie showing the evolution of test particles released from the nightside 
plasma sheet at 06 UT. The format is similar to that in Figure 4c and 4d in the main 
manuscript. The purple circles indicate the energy of the protons. The background is the 
residual magnetic field, i.e., Bz subtracted by the dipole magnetic field. The green and 
cyan curves are upward and downward ionospheric FAC boundaries defined with a 
threshold of 0.05 microA/m2 and mapped from the northern hemisphere ionosphere 
along geomagnetic field lines to the equatorial plane. Plots of similar format are 
combined in Movie S1. The mapping of FAC boundaries is shown every ten minutes. 
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Movie S2. Similar format to Movie S1. The particles are released from 18UT. 
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