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X-2 SELF-CONSISTENT ELECTRIC FIELD:

Abstract.  We report a self-consistent electric field coupling between the
mid-latitude ionospheric electrodynamics and inner magnetosphere dynam-
ics represented in a kinetic ring current model. This implementation in the
model features another self-consistency in addition to its already existing self-
consistent magnetic field coupling with plasma. The model is therefore named
as Ring current-Atmosphere interaction Model with Self-Consistent magnetic
(B) and electric (E) fields, or RAM-SCB-E. With this new model, we explore,

by comparing with previously employed empirical Weimer potential, the im-

pact of using self-consistent electric fields on the modeling of storm-time global

electric potential distribution, plasma sheet particle injection, and the sub-
auroral polarization streams (SAPS) which heavily rely on the coupled in-
terplay between the inner magnetosphere and mid-latitude ionosphere. We
find the following phenomena in the self-consistent model: (1) the spatially
localized enhancement of electric field is produced within 2.5<L<4 during
geomagnetic active time in the dusk-premidnight sector, with a similar dy-
namic penetration as found in statistical observations. (2) The electric po-
tential contours show more substantial skewing towards the post-midnight
than the Weimer potential, suggesting the resistance on the particles from
directly injecting towards the low-L region. (3) The proton flux indeed in-
dicates that the plasmasheet inner boundary at the dusk-premidnight sec-
tor is located further away from the Earth than in the Weimer potential, and
a “tongue’ of low energy protons extends eastward towards the dawn, lead-

ing to the Harang reversal. (4) SAPS are reproduced in the subauroral re-
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5 gion and their magnitude and latitudinal width are in reasonable agreement
»  with data.
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X-4 SELF-CONSISTENT ELECTRIC FIELD:

1. Introduction

The electric field has been long considered as a crucial element in understanding the
inner magnetosphere-ionosphere coupled system, owing to its important role in governing
a rich variety of dynamics in the system. In the ionosphere, the electric potential pattern
typically shows two convection cells, which correspond to dawn-to-dusk convection elec-
tric field over the polar cap and poleward electric field at lower latitudes. This pattern
can become complex during geomagnetic disturbed conditions, including the formation
of a “potential tongue” extending from premidnight to early morning sector, and an en-
hancement of a penetration electric field below the Region 2 current system when the
current is unable to fully shield the potential from lower latitudes. It is these additions
that complicate the entire coupling processes. For instance, the “tongue” usually is asso-
ciated with a flow reversal, namely the Harang reversal [Harang, 1946], where field-aligned
currents (FACs) of opposite directions are overlap in the local time highly associated with
substorm onset [e.g., Zou et al., 2009; Gkioulidou et al., 2009]. The penetration electric
field can lead to phenomena such as ionospheric scintillation [Kelley and Heelis, 1989]
and plasmaspheric bite-outs [Horwitz, 1987]. Its enhancement near the dusk terminator
also gives rise to increased ion drift in the ionosphere, termed subauroral polarization
streams (SAPS) [Foster and Burke, 2002], which are closely affiliated with ring currents,
FACs, electric/magnetic fields, and hot plasma dynamics in the inner magnetosphere [e.g.,
FEbihara et al., 2009; Wang et al., 2014; Yu et al., 2015].

Besides the influence on the ionospheric electrodynamics, the electric field is also a

primary determinant for inner magnetospheric dynamics. When the inner magnetosphere
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SELF-CONSISTENT ELECTRIC FIELD: X-5

can be assumed to be free of parallel potential drop, it is reasonable to approximate the
potential representing the electric field in the magnetosphere as the same as the ionospheric
potential. The convection electric field is one major element in regulating the transport
of charged particles from the tail plasmasheet towards the Earth inner region [Cao et al.,
2011; Zhang et al., 2015], providing a source population to the ring current and radiation
belts. With the combined effect of magnetic gradient and curvature, charged particles
drift separately eastward and westward around the Earth, with the hot ring current ions
(westward drifting) carrying most of the energy content of the inner magnetosphere [Daglis
et al., 1999; Daglis and Kozyra, 2002; Jordanova et al., 2012]. The same electric field also
participates in the erosion of cold dense plasmaspheric particles and the formation of a
drainage plume during geomagnetic active time [e.g., Chappell et al., 1970; Liu et al.,
2015].

As described above, the electric potential along magnetic field lines acts as a bridge
coupling the magnetosphere-ionosphere system. Therefore it is important to understand
not only the morphology of the electric fields but also its effects on various physical
processes in the inner magnetosphere and mid-latitude ionosphere. While observations of
the global electric field pattern are still limited due to the limitation in the coverage of
satellites in the near-Earth space, an alternative effective approach is through numerical
tools. In a height-integrated ionospheric electrodynamics model, the electric field pattern
is usually derived from a Poisson equation at the ionospheric altitude (e.g., ~100 km)

given two major quantities J; and X:

V- (2-V®)=—Jsinl (1)
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X-6 SELF-CONSISTENT ELECTRIC FIELD:

where J|| is the FACs into and out of the ionosphere, ¥ is the tensor of height-integrated
ionospheric conductance, including both Hall and Pedersen conductances, and [ is the
inclination angle of the magnetic field in the ionosphere. This equation demonstrates
that FACs and conductance play key roles in controlling the ionospheric electric poten-
tial/field. Although these two factors are specified at the ionosphere altitude, they are
mostly determined by the magnetospheric dynamics, particularly for the Region 2 FACs
[Cao et al., 2008, 2010] and the mid-latitude auroral conductance. The Region 2 FACs
in and out of the ionosphere are diverted from the partial ring current formed during
storm main phase [Vasyliunas, 1970]. The auroral conductance is mainly caused by keV
electron precipitation that is scattered into the loss cone via wave particle interactions in
the magnetosphere [Horne et al., 2003; Ni et al., 2008], namely diffuse precipitation, or
accelerated down to the upper atmosphere [Newell et al., 2009], namely discrete precipita-
tion. Therefore, the ring current evolution and plasma wave excitation are two principal
regulators of the Region-2 FACs and auroral conductance. Consequently, the electric field
can be generated self-consistently knowing the ring current particle distributions, which
in turn feed back to the magnetospheric plasma drift, resulting in particle distributions
that are used to determine the properties of plasma waves.

These relationships reveal a nonlinear feedback loop in the system and also complicate
the understanding of underlying physical processes. It is a challenge for first-principle
modeling studies to comprehensively and self-consistently include all the coupling pro-
cesses and missing physics or inconsistent cause-effect physics in the model may introduce
substantial bias. In the past decades, efforts have been extensively made to improve

modeling skills, not only for a better understanding of the fundamental physics, but also
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SELF-CONSISTENT ELECTRIC FIELD: X-7

for a more accurate, promising predictive capability of the geospace system. One pivotal
task in previous modeling efforts is to specify a realistic auroral conductance pattern be-
cause of its critical role in determining the electric field. One such specification relates
the auroral conductance with FACs [e.g., Ridley and Liemohn, 2002; Ridley et al., 2004;
Liemohn et al., 2004, 2005; Ebihara et al., 2004; Ilie et al., 2012; Yu et al., 2015]. The
relation was statistically derived from thousands of maps of the ionospheric Hall and
Pedersen conductance and FACs generated by the assimilative mapping of ionospheric
electrodynamics (AMIE) technique [Richmond and Kamide, 1988], described in Ridley
et al. [2004]. It simplifies the way of prescribing the conductance and bypasses the pitfalls
in embracing some direct physical processes such as diffuse auroral precipitation. While
discrete auroral precipitation may be carried by FACs, diffuse precipitation caused by the
wave scattering process in the magnetosphere cannot be represented by FACs. Studies
also found that diffuse auroral precipitation contributes more than discrete precipitation
to the energy flux deposited into the ionosphere. Another inclusive specification of auro-
ral conductance in the inner magnetosphere models uses an empirical conductance model
le.g., Hardy et al., 1987; Galand and Richmond, 2001; Robinson et al., 1987] that calcu-
lates conductance based on precipitation flux and energy (independent on FACs) [e.g.,
Fok et al., 2001; Toffoletto et al., 2003; Khazanov et al., 2003; Chen et al., 2015a, b; Yu
et al., 2016]. In most of these studies, the precipitation flux is estimated from the loss
cone particle flux, which is scattered from wave particle interactions in the inner magneto-
sphere. The scattering process is crudely represented by simply applying loss rates to the
particles. Such rates are called lifetimes. Determining the lifetimes of charged particles at

various energies is also one popular research topic in the inner magnetosphere community

DRAFT April 5, 2017, 4:04am DRAFT



125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

X-8 SELF-CONSISTENT ELECTRIC FIELD:

le.g., Albert and Shprits, 2009; Artemyev et al., 2013; Li et al., 2013] as it is essential for
understanding the dynamics of energetic particles in both ring current and radiation belt.
Recently, Yu et al. [2016] applied pitch angle diffusion coefficients, rather than lifetimes,
to account for the wave-particle scattering processes and showed significant improvement
over using a lifetime method in reproducing the measured spatial and temporal evolution
of ionospheric electron precipitation. This new capability leads to a more realistic auroral
precipitation pattern, and is deemed to be more suitable for a physical representation of
auroral conductance and for studying subauroral physics.

It should be noted that Yu et al. [2016] implemented such a precipitation module within
a fully coupled MHD-kinetic framework, not in a stand-alone kinetic ring current model.
Within that framework, the ionospheric electric potential is computed from the Poisson
equation with FACs calculated in the MHD model and auroral conductance determined
by the electron precipitation from the ring current model. It is known that the MHD
code coupled with a kinetic ring current model produces stronger distortion of the global
magnetic field owing to the inclusion of kinetic physics in the inner magnetosphere, and the
Region-2 FACs at mid-latitude, deviation from the ring current, is significantly improved
over pure-MHD results [De Zeeuw et al., 2004]. But the Region-2 FACs are still weaker
and more diffuse than observations [Zaharia et al., 2006; Yu et al., 2016], mainly because
the ring current pressure in the MHD model is only nudged towards but does not exactly
match the pressure in the kinetic ring current model. One consequence of a weaker Region-
2 FAC is that the lower-latitude electric field may be undershielded [Yu et al., 2016] and
the inner boundary of plasmasheet resides closer to the Earth. Also the MHD grid stops

at ~2.5 R,, so low-latitude currents are not well captured in the MHD code. Therefore, in
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SELF-CONSISTENT ELECTRIC FIELD: X-9

order to achieve a more realistic, fully self-consistent closure of the ring current-ionosphere
coupled system, the Region-2 FACs should be simultaneously determined from the ring
current dynamics rather than from MHD fields.

In this study, we utilize the newly developed physics-based and more realistic electron
precipitation module in Yu et al. [2016] and the Region-2 FACs calculated from a stand-
alone ring current model RAM-SCB (i.e., Ring current Atmosphere interaction Model
with Self-Consistent magnetic field (B)) [Jordanova et al., 2006, 2010; Zaharia et al.,
2006, 2010] to self-consistently yield the electric field. We further investigate the global
electric potential pattern, plasmasheet particle injection, and more importantly the SAPS,
a physical process that is closely associated with electron precipitation and Region-2 FACs
[Foster and Burke, 2002]. The ring current model RAM-SCB possesses a self-consistent
magnetic field, and computes differential particle distributions within a prescribed electric
field that is usually updated from empirical electric field/potential models [e.g., Volland,
1973; Stern, 1975; Weimer, 2001; Weimer, 2005]. The problem with these empirical
electric field models is that they are not self-consistent with the first-principle calculated
hot plasma dynamics. Therefore, in this study, the ring current model will be updated to
calculated the electric field self-consistently, resulting in a even more self-consistent and

comprehensive treatment of the plasma and fields.

2. Methodology
In this section, the kinetic ring current model RAM-SCB-E is presented in detail and

the magnetic storm event under investigation is also described.
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X-10 SELF-CONSISTENT ELECTRIC FIELD:

2.1. Model description

In order to best represent the physics in the inner magnetosphere-ionosphere system,
the kinetic ring current model is solved with electric/magnetic fields self-consistently de-
termined based on the solution of the ring current phase space distribution. Figure 1 illus-
trates how the coupling physics is fulfilled numerically. First, the Ring current-Atmosphere
interaction model (RAM) [Jordanova et al., 2006, 2010] solves the Fokker-Planck equations

for both ring current ions and electrons to yield their distribution functions Q;(R, ¢, E, «):

0Q, 1 0 9 dR, 0 do
W+R7(2)8RO(RO< i >Ql)+67¢(<E>QZ)
1 0 dE 1 0 dpe
+%87E(’YP < Q1) + h,uoai,uo(huo < Q)
__,9Q
=< ( ot )loss > (2)

where (); is a function of radial distance R from 2 to 6.5 R, with spatial resolution of
0.25 R., geomagnetic east longitude ¢ with resolution of 15°, energy E between 0.15 to
400 keV, and pitch angle a from 0 to 90°. The subscription [ represents the species,
the bracket <> represents bounce averaging, the subscript index o denotes the magnetic

equatorial plane, p is the relativistic momentum of the particle, v is the Lorentz factor,

and h is defined by:

1 S ds
o) = 5 /Sm Y (3)

DRAFT April 5, 2017, 4:04am DRAFT



179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

SELF-CONSISTENT ELECTRIC FIELD: X-11

which is proportional to the bounce period. Here, B,, is the magnetic field at the mirror
point, ds is a distance interval along the field line, and Rj is the magnetic equatorial
distance of the field line.

The loss terms on the right hand side of Equation (2) represent several physical pro-
cesses, including charge exchange with geocoronal hydrogen for ring current ions, atmo-
spheric collisional loss for both electrons and ions, and wave induced scattering loss for
electrons. Such scattering loss of keV electrons is induced by whistler mode chorus and
hiss waves outside and inside the plasmapause respectively, resulting in electron precipi-
tation. This process is numerically described by a diffusion equation of the distribution
function, using pitch angle diffusion coefficients obtained from statistical satellite obser-
vations [Glauert and Horne, 2005; Horne et al., 2013; Glauert et al., 2014; Albert, 2005].
These coefficients take into account the effect of both whistler mode chorus and hiss waves
on scattering electrons from tens of eV to hundreds of keV into the loss cone. The differen-
tial electron flux within loss cones is subsequently integrated to produce the precipitation
energy flux Fi (details can be found in Yu et al. [2016] regarding the wave-induced loss
and the conversion of particle distributions at the equator to the total precipitation flux
in the ionosphere) .

RAM is coupled to a 3D magnetic field equilibrium code that computes the magnetic
field [Zaharia et al., 2004] from the anisotropic plasma pressure provided by RAM. The
resulting magnetic field in turn is used in determining the transport of charged particles
and changes in their distributions [Jordanova et al., 2006; Zaharia et al., 2006]. This

coupling is updated every 5 minutes.
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X-12 SELF-CONSISTENT ELECTRIC FIELD:

In addition to this existing magnetic field self-consistency in the model, the electric
field is also self-consistently determined at the ionospheric altitude ~ 100km based on the
Poisson Equation (1). As the equatorial computational domain of RAM is confined within
2.0-6.5 R., the outermost closed magnetic field lines often find their footprints at magnetic
latitudes between 70° and 60°, highly depending on the magnetospheric configuration. So
while solving the electric potential in the ionosphere, the high-latitude boundary is time-
varying. But the low-latitude boundary is fixed at 30°. The high-latitude boundary
condition is enforced by the potential calculated from the Weimer 2K model [Weimer,
2001], driven by solar wind/interplanetary magnetic field (IMF) conditions and AL index,
and the low-latitude boundary condition of potential is zero.

To solve the potential with Equation 1 that takes inputs of FACs and conductance,
FACs are firstly obtained from the Vasyliunas equation [Vasyliunas, 1970] that relates
the field-aligned current density J; to the magnetic equatorial hot plasma conditions,

specifically the gradient in the plasma pressure and magnetic field [Zaharia et al., 2010]:

2B (V-P x k)

where kK = (b - Vb) is the field line curvature. The above equation is derived from the
charge neutrality V - J = 0. To obtain FACs at the ionospheric altitude, we integrate the
above equation along magnetic field lines from the magnetic equator to the ionosphere.
Then, the conductance is determined from a combination of dayside conductance asso-
ciated with solar radiation, and auroral conductance contributed by diffusive and discrete

electron precipitation. The dayside solar EUV induced conductance is obtained by an
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empirical function based on the solar zenith angle and the F10.7 index [Moen and Brekke,
1993]. The auroral conductance is calculated according to the empirical Robinson relation
[Robinson et al., 1987] using precipitation energy flux Fr obtained from RAM as men-
tioned above for the diffusive aurora and using the FACs for the discrete aurora (Details
can be found in Yu et al. [2016]).

Hence, with the electric potential solved from FACs and conductance both determined
by the hot plasma physics, this well coupled scheme (Figure 1) is termed RAM-SCB-E,
that is, Ring current-Atmosphere interaction Model with Self-Consistent magnetic (B)

and electric (E) fields.

2.2. Event description and model setup

We simulate a magnetic storm event that occurred on August 31, 2005 with RAM-
SCB-E. Figure 2 shows that during this event, the IMF turns southward around 12:00
UT accompanied by a large solar wind density that is sustained above 20 cm ™ for a few
hours. The magnetic field remains southward for nearly 10 hours, but the solar wind speed
stays around 400 km/s. A minimum SYM-H index is recorded to be -120 nT at 19:00
UT before it gradually recovers. The AL index frequently hits 1000 nT. Some of these
solar wind and geomagnetic conditions are used to determine the time-varying Weimer
electric potential at the high-latitude boundary in the model. The plasma sheet boundary
condition at 6.5 R, is taken from LANL/SOPA and MPA satellites that measure electron
and ion fluxes. The fluxes are then interpolated into all local times and energy grids within
the model, and are further decoupled into proton, helium and oxygen ions according to
Young et al. [1982]s statistical results on the ratios of these ion species. Figure 3 shows

such a boundary condition at MLT = 0 as an example. The low-energy proton flux is
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X-14 SELF-CONSISTENT ELECTRIC FIELD:

consistently high during the entire event, but the high-energy flux (above 30 keV) shows
drastic injections after 12:00 UT. On the other hand, injection occurs at 10:00 UT for
low-energy electrons, and similarly high-energy electrons experience continual injections
in the storm main phase. These plasmasheet injections provide important sources to the
ring current, as will be demonstrated in the simulation result. The magnetic field at the
outer most shell of the 3D magnetic field code is specified by the Tsyganenko magnetic

field model [Tsyganenko, 1989] parameterized by the Kp index.

3. Results

Two simulations are conducted for the storm event: one uses a self-consistent electric
field as described above, and the other one uses a prescribed electric potential model (i.e.,
[Weimer, 2001]) in governing the ring current particle transport. The latter, based on
statistical observations, cannot represent the feedback effects of the changes in the hot
populations on the ionospheric electrodynamics in this particular simulation. That is,
the part inside the dashed rectangle in Figure 1 is not represented in the simulation. By
comparing these two types of simulation, we intend to address the following questions:
How different is the self-consistent electric field from empirically obtained representation?
What are the influences on inner magnetosphere drift physics? What are the influences

on ionospheric electrodynamics?

3.1. Effect on the inner magnetospheric dynamics
Figure 4 illustrates electric potential contours and dawn-to-dusk convection electric
fields (E,) mapped from the ionospheric altitude where the potential is solved with Equa-

tion (1) during the storm main phase for both simulations. T'wo main features are distinc-
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tive: (1) The potential contour lines from the self-consistent solver show stronger skewing
in the dusk-to-post-midnight sector than the Weimer potential contours; (2) The Weimer
model shows a much stronger dawn-to-dusk electric field (E,) in the dusk sector than in
the self-consistent case. While the potential contour skewing may suggest an effect from
the transport of energetic particles, the localized electric field enhancement indicates the
degree of penetration of the convection.

It is also known that the potential contour skewing is associated with inner magne-
tosphere shielding that prevents the convection electric field in the outer magnetosphere
from penetrating into the inner region. The above difference in the potential patterns sug-
gests that the Weimer potential is less shielded than the self-consistent potential, because
the latter experiences a weaker penetration field. To demonstrate the penetration and
shielding effects during the entire storm event, Figure 5 shows the dawn-to-dusk compo-
nent of convection electric field (£,) at MLT=20, as a function of radial distance and UT
time. Localized enhancements of penetration electric field are evident in both cases but
with remarkable differences. The self-consistent solver displays gradual migration of the
peak of the penetration electric field, with the electric field well shielded in the pre-storm
time at 12:00 UT, and then penetrating from L = 4.5 to 3.0 during storm main phase
until retreating back to L = 4 in the early recovery phase. Such a process precisely implies
the competition between the establishment of Region-2 FACs, ionospheric currents, and
changes in the convection strength. While changes in the convection that respond with a
longer time scale than the currents may be effectively shielded, sudden transitions like the
IMF southward turning can lead to a rapid increase in the polar cap potential, causing

large penetration of the convection electric field. But meanwhile the formation and en-
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hancement of ring current, FACs, and ionospheric currents create a shielding electric field
in the ionosphere (Region-2 FACs are connected with dusk-to-dawn Pedersen current in
the nightside sector), opposing the penetration and resulting in a “residual” dawn-to-dusk
convection electric field in the undershielded situation.

In contrast, with a Weimer potential model, since the FACs and ionospheric currents
do not respond self-consistently to oppose the dawn-to-dusk convection electric field, the
penetration electric field is much greater and extends to lower L shells, even during pre-
storm time. The peak of the penetration electric field is located around L=2.5 or even
closer, regardless of the storm phase. The gradual inward motion of the penetration along
with the development of the ring current is not present, indicating a non self-consistent
response between the ring current, FACs, ionospheric current, and the prescribed electric
field.

The radially localized enhancement of the penetration electric field has been statistically
studied using satellite observations [e.g., Rowland and Wygant, 1998; Nishimura et al.,
2006, 2007; Matsui et al., 2004, 2013] for different geomagnetic activity levels. The obser-
vational studies show that the dawn-to-dusk electric field in the dusk sector of the inner
magnetosphere usually increases with radial distance under quiet and less disturbed condi-
tions, but a localized peak of the electric field appears around L = 3-4 for disturbed time,
and moves outward during storm recovery phase. In agreement with the observational
results, our simulation with a self-consistent electric field produces a similar dynamic elec-
tric field penetration that varies with the evolution of the ring current. This approach
therefore shows a more reasonable and consistent picture of the radial distribution of the

dawn-to-dusk electric field.
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To examine the effect of the potential pattern on particle transport, we next study
the particle injections from the outer boundary. When particles travel through the in-
ner magnetosphere, they experience various electric and magnetic drifts induced by the
perpendicular electric field and the gradient and curvature of the magnetic field. The
electric potential contours represent the drift trajectory of zero-energy particles, while
higher-energy particles are more subject to magnetic gradient and curvature drift. From
the electric potential pattern across midnight in Figure 4, we expect to see a diverted
flow of low-energy protons in the simulation with a self-consistent electric field and direct
injection in the simulation with the Weimer model. Indeed, Figure 6 illustrates that under
the influence of a self-consistent electric field (Figure 6 (a) top panel), protons at E = 9.3
keV in the dusk-premidnight sector are convected inward from the outer boundary and
their flux significantly drops near L = 2.5. In contrast, these low-energy protons maintain
high-level flux down to L = 2 and eventually get lost from the inner boundary when the
Weimer electric field is utilized (Figure 6 (b) top panel). At higher energies, the proton
injections from the outer boundary down to the inner region behave similarly in both
cases, so do the electrons in the early morning sector (Figure 6 (¢, d)). This similarity
in the electron dynamics is probably attributed to the similar electric potential contours
and magnetic field configuration in the dawn sector.

Although high-energy protons above 30 keV are the dominant contributor to the ring
current energy and carry most of the energy content of the inner magnetosphere, low-
energy ions are of particular importance to the pre-midnight electrodynamics, especially
in the Harang reversal commonly detected in the ionosphere. Gkioulidou et al. [2009]

conducted detailed analysis of the Rice Convection Model (RCM) simulation and found

DRAFT April 5, 2017, 4:04am DRAFT



332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

X-18 SELF-CONSISTENT ELECTRIC FIELD:

that a pair of FACs with opposite polarity overlaps near the same midnight local time
across different latitudes is necessary for the formation of the Harang reversal. Such a
pair of FACs (downward and upward) is found to be associated with low energy ions
penetrating closer to the Earth towards the dawn side and high energy ions that are
further away from the Earth. In this study, the simulation with a self-consistent electric
field presents a “tongue” of 9.3 keV protons extending across midnight towards dawn in
the low L-shell region, as shown in Figure 7, but limited extension is developed in the
Weimer case. On the other hand, the Weimer model does not allow high-energy protons to
extend towards the dawn or penetrate as deeply. Such an extension of low energy protons
in wider MLT coverage, as concluded in Gkioulidou et al. [2009], is highly related to the
downward FACs into the ionosphere, which can control the ionospheric electrodynamics
to be discussed in the next section. In contrast, the Weimer electric potential does not

interact with the real-time FACs originating from the inner magnetosphere.

3.2. Effect on the ionospheric electrodynamics

Figure 8 (a) displays the FACs at the ionospheric altitudes calculated from the ring
current. As expected, downward FACs in the dusk side extend across local midnight to-
wards the dawn side, equatorward of the upward FACs. An MLT-overlap region is formed
near midnight, allowing for the formation of the Harang reversal [Gkioulidou et al., 2009].
Figure 8 (b) presents the conductance contributed from a combination of solar irradiance
and auroral precipitation originating from the wave-induced pitch angle scattering of ring
current electrons. An enhanced auroral conductance is evident around 60° in the pre-
midnight to the dawn sector as the chorus waves responsible for the electron scattering

are mostly active in that region. From FACs and conductance, the self-consistent electric
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potential is generated (Figure 8 (¢)). A “tongue” of the negative potential cell (potential
well) in the dusk side stretches into early morning at low latitudes, representing the Ha-
rang reversal. The westward return flows in the reversal at lower latitudes are located on
top of the collapsed potential contour lines (i.e., a large electric field) where conductance
is low, resulting in enhanced flow speed, or SAPS, shown in Figure 8 (d). The speed
exceeds 1000 m/s around latitude of 55° in the dusk-to-premidnight sector, a typical loca-
tion reported from observations. By contrast, the Weimer potential pattern (Figure 8 (e,
f) has neither extension of the negative cell nor tightly collapsed contour lines, meaning
that SAPS are not prominent.

To verify that the flow in the self-consistent simulation is indeed SAPS, the subauroral
region is first identified. It is defined as that region located below the equatorward edge
of auroral precipitation. Figure 9 (d) shows the auroral precipitation energy flux at MLT
= 21 as a function of latitude. A rapid drop of the precipitation energy flux marks the
equatorward edge of the auroral boundary, denoted by the vertical dashed line. In the
subauroral region, the precipitation flux is about three orders of magnitude lower, and the
conductance falls to 0.5 mhos. The downward Region-2 FACs flow into this subauroral
region, and a strong poleward electric field is produced in order to drive the horizontal
Pedersen current that connects to the upward Region-1 FACs at higher latitudes. This
leads to an enhancement of westward flows in the subauroral region, namely SAPS at ~54°
latitude. As a flow speed above 500 m/s in the subauroral region is commonly referred as
SAPS, it is found that SAPS occur in the region equatorward of the enhanced Pedersen
conductance and concurrent with both Region-1 and -2 FACs. The SAPS peak is located

between the peaks of Region-1 and Region-2 FACs with the Region-2 FAC well below the
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equatorward edge of the auroral boundary. These relative positions are in agreement with
statistical observational results reported in Wang et al. [2014], and reveal relationships
consistent with the current-generator mechanism proposed in Anderson et al. [1991, 2001].

Figure 10 shows simulation results extracted along two consecutive DMSP trajectories
in the subauroral region in the dusk-premidnight sector when the satellite flew across
the polar cap region approximately from 21:00 MLT towards 09:00 MLT in the northern
hemisphere. Due to the cutoff at the high-latitude boundary, the model only shows results
at mid-latitudes which, however, sufficiently describe the subauroral dynamics. Along the
first orbit, the spacecraft first measures a negative sunward flow, peaking around the
latitude of 52°, and decreases with increasing latitude. It then detects an increase of flow
speed again above 60°, which is the auroral zone flow at higher latitude. Such a trend is
well captured by the simulation (blue line), which shows a comparable magnitude for the
SAPS. The observed peak of SAPS however appears at lower latitudes by 2-3° and flow
channel is narrower. In the second orbit, the model reproduces a comparable width of the
flow channel, which again misses the observed peak flow by 2-3° towards higher latitudes.

In the bottom panels, the Pedersen conductance is compared. The Pedersen conduc-
tance based on observations is computed from both electron and ion precipitation mea-
sured by the DMSP spacecraft. The electron associated conductance is computed from
the Robinson relation [Robinson et al., 1987] (black dashed line), while the ion associ-
ated (mainly protons) conductance is from the Galand & Richmond relation [Galand and
Richmond, 2001]. Both relations take into account the precipitation energy flux and av-
eraged energy. It can be clearly seen during the first orbit that the proton precipitation

significantly contributes to the auroral conductance below the equatorward edge of the
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electron precipitation boundary, although the second orbit shows a much smaller contri-
bution near that region. Such a difference is attributed to the time-varying separation
between the inner boundaries of the ion and electron plasmasheets. During the second
orbit, the separation is not very clear, probably owing to a weaker electric potential at
that time. Nevertheless, between these two inner boundaries, the ion precipitation can
not be neglected given that it significantly enhances the auroral conductance near the
equatorward edge of the auroral boundary. In the simulation, the conductance rapidly
increases near the equatorward boundary of the observed electron auroral zone, but the
magnitude is highly underestimated. This may be caused by an inadequate precipitation
flux into to the ionosphere. It is possible that the statistical averaged pitch angle diffusion
coefficients used to account for electron loss are not strong enough or representative in this
intense storm event, or that whistler mode waves are not the only driver of diffuse electron
precipitation, or that the electron energy distributions can be altered during the precipi-
tation process from the magnetosphere to the ionosphere so the integrated precipitation
energy flux at the ionospheric altitude is larger than that in the magnetospheric source
region. It should also be noted that the ion precipitation is not yet incorporated into the
model, which might be an additional cause of the underestimation. Our future study will
add ion precipitation caused by magnetic field line curvature scattering and EMIC waves

and further examine their relative importance in the ionospheric electrodynamics.

4. Discussion
In the above comparisons, we noticed that although the magnitude and width of the
SAPS channel produced by RAM-SCB-E are in reasonable agreement with the data, they

appear at slightly higher latitudes than observed. This is probably associated with a
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weaker representation of the ring current in the simulation. Figure 11 shows the simu-
lated Dst index, calculated with the Dessler-Parker-Sckopke (DPS) relationship [Dessler
and Parker, 1959; Sckopke, 1966] from the content of ring current energy. It is not as
strong as the measured SYM-H index. A weaker ring current creates a more dipolar mag-
netic field configuration in which the footprints of the magnetic field lines lie at higher
latitudes than in reality. The underestimate of ring current may be associated with the
boundary conditions of plasmasheet flux that were not realistically specified over all lo-
cal times, because the flux at 24 local times are interpolated from three well-separated
geosynchronous LANL satellites in this simulation. This may lead to underestimated
plasmasheet sources convecting from the tail into the inner magnetosphere, creating a
ring current with smaller strength. Indeed, during the storm main phase, these three
satellites are located from post-midnight to the dayside, corotating eastward, missing the
important source region in the dusk-midnight sector. This means that highly-possible
localized injections in that region are not captured by these satellites nor included in the
simulation, which is likely the reason of underestimation. We conducted an experiment
that increases the boundary flux by a factor of 1.5, and found that the ring current, as
expected, is enhanced and the Dst index is closer to the observation. However, the posi-
tion of Region-2 FACs flowing into the ionosphere in the subauroral region is not greatly
changed, probably because the nondipolar configuration in the inner region is not sig-
nificantly altered. Thus, the boundary condition does not seem to be the direct or only
cause of the mismatch of the SAPS peak. It should be noted that the tail current and
other induced currents on ground may also contribute to the SYM-H index during storm

main phase. If that compensates the simulated Dst index, the ring current is actually not
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significantly underestimated. Therefore, other causes should be sought for the offsetting
of the position of SAPS. Nevertheless, inadequate specification of the outer boundary
potential may be an improvement that requires further attention.

We then propose another possibility that causes the location of SAPS appearing at
higher latitude. It maybe lie in the location of precipitation since the equatorward edge
of the electron precipitation is closely related to the location of the SAPS peak. To cap-
ture the right position of the SAPS, a better representation of the auroral precipitation is
another critical element. We also notice from the data that the ion precipitation actually
contributes significantly to the auroral conductance, particularly below the equatorward
edge of the electron precipitation. This contributes to an additional enhancement of
conductance equatorward of the electron aurora. Yet, in the simulation, not only the ion
precipitation is missing, but the electron precipitation is also insufficiently included. These
combined effects may contribute to the underestimation in the conductance and the devi-
ation of the location of SAPS. We performed an experiment that shifts the equatorward
edge of the aurora (i.e., maps the precipitation flux) towards lower latitudes by 2°, and
found the peak of SAPS appearing at lower latitudes, consistent with the observations.
Such an experiment suggests the importance of a correct location of the equatorward
edge of auroral precipitation, which might be complemented by the ion precipitation.
The implementation of such ion precipitation will be our next research task.

In revealing the SAPS features, we are aware that observations often reported that SAPS
are well separated from the high-latitude auroral returning flow in the same westward
direction, thus featured a “double-dip” profile in the velocity [Foster and Burke, 2002].

The spatial separation is small but varies from one degree to a few degrees. In our
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simulation, due to the limited coverage of the simulation domain, the high-latitude auroral
region is not fully resolved by the model, and the high-latitude westward flow is not well
produced in the storm main phase as shown in Figure 8. Nevertheless, during early storm
main phase (e.g., around 13 - 14 UT) when the high-latitude boundary of the ionospheric
solver is still around 65° in the dusk-to-premidnight sector due to less stretched magnetic
field configuration, the auroral returning flow is captured above 60°, forming two westward
flows around MLT from 19 to 22, hence consistent with observations.

Regarding the finite width of the SAPS channel, we expect a finer resolution of the
model may sharpen the narrow-scale features. The current spatial resolution of 0.25 R,
in the equatorial plane corresponds to a spatial separation of 1° around magnetic latitude
of 60°, and 2.5° separation around magnetic latitude of 50°. Such a model resolution
may smear out small-scale fluctuations in the electric field or velocity, leading to averaged
results. A finer resolution thus is in demand in the future for a better performance of

resolving small-scale features.

5. Summary

This study investigated the effects of using a self-consistent treatment of electric field
in the kinetic ring current model on the hot plasma dynamics and electrodynamics espe-
cially in the mid-latitude ionosphere. The ring current model thus includes both electric
and magnetic field self-consistency, and is named RAM-SCB-E. The new model uses
a recently developed, physics-based electron precipitation module that accounts for the
diffusive pitch angle scattering processes caused by whistler waves by using pitch-angle
dependent diffusion coefficients. Such a module gives rise to a more realistic temporal

and spatial distribution of electron precipitation [Yu et al., 2016] and provides a more
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realistic auroral precipitation pattern needed in specifying the ionospheric conductance in
the model. While Yu et al. [2016] used this module in a coupled framework in which the
ring current model is coupled to an MHD code, this study only treats the ring current
model in a stand-alone fashion. It is a big advancement from the previous stand-alone
version of the ring current model using empirical electric fields that omit the feedback
effect of the hot plasma physics on the large-scale convection electric field.

Two simulations are performed using either a self-consistent electric field or the em-
pirical Weimer potential. Significant differences are found, especially in the transport of
low-energy protons and the electrodynamics that are closely associated with the coupling
between the inner magnetosphere and the mid-latitude ionospheric region. It is these
dynamics that play an important role in controlling the coupling processes and empha-
size the necessity of modeling the system in a self-consistent manner to account for the
complicated interactions within it.

When comparing these two approaches, we found the following results:

1. RAM-SCB-E produces local enhancements of penetration electric field in the dusk-
premidnight sector, the peak of which gradually evolves to lower L shells as the ring
current is being built up, whereas the empirical model produces a larger and more stable
penetration electric field inside L=3 during the entire storm event. The former is thus in
better agreement with statistical results reported in Rowland and Wygant [1998], which
showed that the spatial distribution of the local electric field enhancement in the dusk

sector depends on the geomagnetic activity level.

2. The electric potential pattern in the magnetic equatorial plane shows more predom-

inant skewing in the dusk-premidnight sector around L. = 4 in the self-consistent case
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than in the empirical model case, causing more shielding from the outer region. The low-
energy protons are thus transported along different paths rather than directly along the
Sun-Earth direction. They are diverted azimuthally eastward, and can not reach the deep
inner magnetosphere in the dusk-midnight sector as they do under the Weimer potential.

For high-energy protons and electrons, no significant difference is found.

3. Since the low-energy protons are associated with FACs in the mid-latitude [Gkiouli-
dou et al., 2009], they are closely related to the mid-latitude electrodynamics, which
reflects the feedback effect within the coupled system. We found that the eastward ex-
tending FACs in the mid-latitudes induce the Harang reversal that is missing in the

Weimer model.

4. Another outstanding feature in the subauroral region is that subauroral polarization
streams (SAPS) are captured when using a self-consistent electric field, but are not distin-
guished in the empirical model. RAM-SCB-E also verifies the popular current-generator
mechanism for SAPS, which are proposed to be generated when FACs flow into the sub-
auroral ionosphere where the conductance is relatively low with respect to the auroral
zone.

Besides the above results, we realize that even more self-consistent physics is further
needed in order to understand the underlying processes more precisely. In this study,
albeit with the physics-based precipitation flux down to the ionospheric altitude, the cal-
culation of auroral conductance still relies on the empirical Robinson formalism under
an assumption of Maxwellian distribution. Removing this empirical limitation is cur-
rently in progress, typically by coupling the inner magnetosphere model with an upper

atmosphere model, which, given the auroral precipitation flux, determines the vertical
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ionization profile and thus the ionospheric conductivity. This will establish a truly self-
consistent mid-latitude ionospheric electrodynamics with the inner magnetosphere. Re-
cently, one such effort was reported in Huba and Sazykin [2014]; Huba et al. [2017] that
coupled the global ionosphere-plasmasphere model SAMI3 with the ring current model
RCM and demonstrated the underlying processes within the ionosphere-plasmasphere-ring
current system. These studies not only revealed the power of self-consistent modeling of
fundamental physics, but also initiated the direction to more comprehensively accounting

for the coupled system.
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Figure 1. The coupling within the RAM-SCB-E model. The part within the dashed box is
used to implement the self-consistency of electric field using inputs of .Jj; and precipitation energy

flux F from the kinetic ring current model.

Figure 2. Solar wind and interplanetary magentic field conditions and geomagnetic AL and

SYM-H index during the storm event occurred on August 31, 2005.

Figure 3. Particle flux obtained from LANL-GEO satellites (e.g., LANL-1989, LANL-1990,
LANL-1994, LANL-1997,LANL-2001 were available during the storm event in this study) is used
to specify the boundary condition for the model at L = 6.5. The electron and proton fluxes at

MLT=0 are selected for demonstration.

Figure 4. Magnetic equatorial potential pattern (top) and the Y component of the convection
electric field (bottom) in the self-consistent electric field method (left) and Weimer potential

model (right).The dashed circles in each plot indicates L shells at 2, 4, and 6 respectively.

Figure 5. Dawn-to-dusk convection electric field component at MLT = 20 in the self-consistent
electric field approach (left) and Weimer model (right). Top row shows electric field as a function
of L and UT, and bottom row shows electric field as function of L at four selected times, covering

from pre-storm, storm main phase, and recovery phase.

Figure 6. Ring current proton and electron flux as function of L shell and time selected at
MLT = 20 for protons and MLT = 4 for electrons. (a, c¢) use self-consistent electric field model.
(b, d) use Weimer electric potential model. During the storm main phase, low energy protons
are convected towards the Earth with the aid of convection electric field. The Weimer potential
model shows more profound effect on the low-energy plasma transport as they penetrate well
deep down to 2.0 R., but they are nearly prohibited at 2.5 R, when a self-consistent electric field
model is used. For high-energy protons and electrons in various energy, their inward transport

is similar in both simulations.
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Figure 7. Ring current proton flux at 9.3 keV (top row) and 100 keV (bottom row) with pitch
angle near 90°. In the case with self-consistent electric field, low-energy protons are convected
from dusk to dawn through midnight, affected by the potential contours that are skewed towards
early morning sector as shown in Figure 4. On the contrary, under the prescribed Weimer
potential, low-energy protons preferentially convect towards dayside mainly through the dusk

side. The high-energy proton fluxes are similar in both cases.

Figure 8. Global pattern of (a) ionospheric FACs, (b) Pedersen conductance, (c, e) electric
potential, and (d, f) eastward flow in the ionosphere altitude from simulations with either both

self-consistent (top two rows) or Weimer (bottom row) electric field.

Figure 9. Simulation results from using self-consistent electric field: latitudinal distribution of
FACs, Pedersen and Hall conductance, precipitated electron energy flux, poleward electric field,
and eastward drift velocity at the ionospheric altitude for MLT = 21. The vertical dashed line
denotes the equatorward boundary of auroral precipitation, where precipitation is significantly

lower in the subauroral region than in the auroral latitudes.

Figure 10. Comparisons of flow speed and Pedersen conductance between the self-consistent
simulation (blue) and DMSP measurements (black). All passes are in the northern hemisphere,
flying from the dusk side to dawn side. Negative cross-track flow represents a westward velocity to
the left of the trajectory direction. The Pedersen conductance based on observations is calculated
from the measured precipitation flux (here, the solid black line marks the conductance associated
with both electron and ion precipitation, and dashed black line denotes that only from electron

precipitation).
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Figure 11. Measured SYM-H index (black) and simulated Dst index using different electric
field models. “IESC” stands for self-consistent electric field, “VOLS” is for Volland-Stern electric

field, and “Weimer” uses Weimer potential model.
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Figure 10.
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Figure 11.
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