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[1] Transport of plasma sheet particles into the inner magnetosphere is crucial to the
development of the region 2 (R2) field-aligned current system (FAC), which results in the
shielding of the penetration electric field and the formation of subauroral polarization
streams (SAPS) and the Harang reversal, phenomena closely associated with storms and
substorms. In addition to the electric field, this transport is also strongly affected by the
magnetic field, which changes with plasma pressure and is distinctly different from the
dipole field in the inner plasma sheet. To determine the feedback of force-balanced
magnetic field to the transport, we have integrated the Rice convection model (RCM) with
a modified Dungey magnetic field solver to obtain the required force balance in the
equatorial plane. Comparing our results with those from a RCM run using a T96 magnetic
field, we find that transport under a force-balanced magnetic field results in weaker
pressure gradients and thus weaker R2 FAC in the near-Earth region and weaker shielding
of the penetration electric field. As a result, plasma sheet protons and electrons penetrate
farther earthward, and their inner edges become closer together and more azimuthally
symmetric than in the T96 case. The Harang reversal extends farther dawnward, and the
SAPS become more confined in radial and latitudinal extents. The magnitudes of azimuthal

pressure gradient, the inner edges of thermal protons and electrons, the latitudinal range
of the Harang reversal, and the radial and latitudinal widths of the SAPS from the
force-balanced run are found to be more consistent with observations.

Citation: Gkioulidou, M., C.-P. Wang, and L. R. Lyons (2011), Effect of self-consistent magnetic field on plasma sheet
penetration to the inner magnetosphere: Rice convection model simulations combined with modified Dungey force-balanced
magnetic field solver, J. Geophys. Res., 116, A12213, do0i:10.1029/2011JA016810.

1. Introduction

[2] The plasma sheet is a major plasma and energy storage
region in the Earth’s magnetosphere, and transport of plasma
sheet particles into the near-Earth magnetosphere is impor-
tant for setting up the plasma and electric and magnetic field
conditions that lead to major geomagnetic disturbances, such
as storms and substorms. It is thus of great importance to
understand the underlying transport processes that govern
the development of the plasma sheet and its structure.

[3] Plasma sheet particles moving toward the Earth under
an enhanced convection electric field give rise to plasma
pressure enhancements, which are associated with changes
in magnetic field in maintaining force balance. The pressure
changes cause changes in perpendicular current in the plasma
sheet and eventually perpendicular current divergence, which
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requires a closure in the ionosphere through field-aligned
currents (FAC). These FAC, referred to as the region 2 (R2)
FAC, are responsible for electrodynamical coupling between
magnetosphere and ionosphere, and the FAC intensity is
determined mainly by the azimuthal gradient of plasma pres-
sures and the radial gradient of magnetic flux tube volumes
[Vasyliunas, 1970]. In order to maintain current continuity in
the ionosphere, the FAC lead to modification of the convec-
tion electric field in the ionosphere. The modified electric
field maps back into magnetosphere through equipotential
mapping into the magnetosphere, which in turn affects the
plasma sheet transport itself to the near-Earth region.

[4] Using the Rice convection model (RCM) with non-
force-balanced Tsyganenko 96 (T96) magnetic fields, we
have previously investigated [Gkioulidou et al., 2009] how
the electrodynamic feedback to the transport through the
R2 FAC is responsible for the formation of the Harang
reversal and the subauroral polarization streams (SAPS),
which have been found to be closely associated with sub-
storms and storms [Zou et al., 2009; Bristow and Jensen,
2007; Nishimura et al., 2008; Anderson et al., 2001]. Since
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plasma sheet transport and FAC are also strongly affected by
the magnetic field, which is found to be distinctly different
from dipole in the inner plasma sheet [Cahill, 1966], feed-
back between the plasma transport and magnetic field is also
essential to the R2 coupling. Therefore, in order to quantita-
tively determine inner magnetosphere plasma transport, it is
necessary to self-consistently model plasma, electric and
magnetic fields altogether.

[5] In recent years there has been an ongoing effort in the
community for modeling the self-consistent feedback between
plasma and magnetic field in the magnetosphere. Wang et al.
[2003, 2004] created force-balanced magnetic fields for sim-
ulated plasma sheet plasma pressures around the midnight
meridian by adding adjustable currents to the T96 magnetic
fields. Using the Euler potentials method, Zaharia et al.
[2004] and Zaharia [2008] established a magnetic field
model that can provide 3-D force-balanced magnetic fields
with a given pressure distribution by numerically solving the
force balance equation. This model was later coupled with
the Ring Current Atmosphere Interaction Model (RAM)
[Jordanova et al., 2010] to obtain magnetic fields in force
balance with ring current pressures. Similarly, Liu et al.
[2006] developed a force-balanced magnetic field solver
using Euler potentials method for a modified Dungey mag-
netic field. The solver has been coupled with a ring current
model based on the work of Chen et al. [1994] to simulate
transport of storm time ring current ions under force-balanced
magnetic field by numerically solving force balance equation
in the equatorial plane. These simulations showed that mag-
netic field becomes more stretched to balance increasing
plasma pressure and results, in turn, in less earthward pene-
tration of particles and lower near-Earth pressures. However,
self-consistent electric field is not taken into account in the
above models.

[6] Self-consistent modeling of both electric and magnetic
fields has been achieved by incorporating the RCM with a
magnetic field relaxation technique developed by Hesse
and Birn [1993] to simulate the near-Earth magnetosphere
under enhanced convection [Toffoletto et al., 1996, 2001;
Lemon et al., 2004; Yang et al., 2010].

[71 The objective of this study is, by self-consistently
modeling plasma, electric and magnetic fields, to examine
how the R2 coupling, and as a result the penetration of the
plasma sheet into the inner magnetosphere, is affected by the
self-consistent magnetic field. For this objective, we have
substituted the non-force-balanced T96 magnetic field used
in our previous RCM simulations [Gkioulidou et al., 2009]
with force-balanced magnetic field provided by the modified
Dungey force-balanced magnetic field solver mentioned
above [Liu et al., 2006; Schulz and Chen, 2008] to achieve
2-D force balance in the equatorial plane. The main reason
for choosing this solver is its capability for efficient com-
putation of magnetic field that exhibits the important fea-
tures of magnetic local time (MLT)-dependent field line
stretching, despite the tradeoff of being less accurate in its
force balance in the z direction than a 3-D force balance
model. Additionally, the solver’s scheme for solving the
force balance equation is relatively stable numerically, so
that the solver can easily find a solution. Another advantage
of our coupled model is that we have included realistic
MLT-dependent particle boundary conditions based on
Geotail statistical data that are a mixture of a cold population
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coming from the flanks and a hot one coming from the tail.
Different from other studies that have focused mainly on the
effects of self-consistent magnetic field on storm time ring
current strength, we focus on how the feedback of magnetic
field affects the R2 FAC and the penetration of the plasma
sheet protons and electrons to the near-Earth region, and
how this eventually affects the structure of the convection
electric field, including the Harang reversal and SAPS, in
the inner magnetosphere.

[8] The details of our coupled model, including the mag-
netic field solver, are described in section 2. In section 3.1
we show main features of the self-consistent magnetic field
model and compare it with statistical THEMIS-Geotail
observations. We then investigate the effect of the self-
consistent magnetic fields on plasma pressure distributions in
section 3.2, and on plasma sheet proton and electron inner
edges in section 3.3. On the basis of the results of the
sections 3.2 and 3.3, we explain in section 3.4 how the
plasma sheet transport simulated in self-consistent magnetic
field can affect the Harang reversal and SAPS. Comparisons
are made with previous published observational results where
feasible, and detailed comparison with observations of the
spatial distributions of ion and electron populations from the
midtail to inner magnetosphere is given in the companion
paper [C.-P. Wang et al., 2011] (hereinafter Paper 2).

2. Model

2.1. Rice Convection Model

[v] The RCM [Toffoletto et al., 2003] calculates the
bounce—-averaged electric and magnetic drift of a flux tube
filled with an isotropic distribution of ions or electrons under
the assumption of slow-flow approximation within a self-
consistently computed electric field. The assumption of
isotropy is reasonable, since, as can be seen in Figure 4 of
Paper 2, plasma is quite isotropic in the plasma sheet.

[10] For an isotropic particle distribution the particle kinetic
energy change can be simply determined by the change in
flux tube volume according to the relation £, = AV~ [Wolf,
1983], where A is constant along a particle’s drift path and
is called the energy invariant, ¥ is the flux tube volume. The
bounce-averaged drift velocity Vp of particles of a given
energy invariant A\ at position x and time ¢ can then be
described as

B(x, 1) x AVV(x,1) */q
|B(x, 1)

B(x, ) x VO(x,¢)
[B(x, )|’

VD(th) = (1)

The RCM traces the drift trajectory of particles of different
A within a flux tube using (1) with given electric potential
Ad(x, #) and V(x, f). The RCM grid is specified in the
ionosphere, so B in equation (1) is the magnetic field in
the ionosphere. The spatial distributions of plasma density
n and pressure P for each species are obtained from the
flux tube content 7(x, t), that is the number of particles per
unit magnetic flux, by the relations
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where the subscript j is the index of the energy channel.
Temperature 7 can be obtained from P/nkz where kg is
Boltzmann’s constant.

[11] The RCM includes magnetosphere-ionosphere cou-
pling through field-aligned currents, which can be computed
by the Vasyliunas equation [Vasyliunas, 1970]. The self-
consistent electric field is obtained by satisfying current
continuity both in magnetosphere and ionosphere, namely,

Vi [2-(V;®,)] = —jysin(/) = —%B “VV x VPsin(I),  (3)

where X is the field line—integrated conductivity tensor, / is
the dip angle of the magnetic field in the ionosphere, and j;
is the ionospheric field-aligned current density of the northern
or southern hemisphere (north—south symmetry is assumed).
Index i refers to ionosphere-computed quantities.

[12] With given ¥ and boundary conditions at the high-
and low-latitude boundary, (3) can be solved to obtain elec-
tric potential ;. The conductivity tensor 3 includes both the
Hall and Pedersen conductivities. The conductance includes
Solar-EUV-generated conductance that is estimated from the
IRI-90 empirical ionosphere driven by F10.7 and the Ap
index, and auroral conductance, which, in this study, is esti-
mated using the electron precipitation from the simulated
plasma distributions, assuming 1/3 of strong pitch angle
scattering and the algorithm of Robinson et al. [1987]. The
high-latitude boundary condition for the potential is a Dirichlet
boundary condition; the overall strength of convection is
determined by setting the total range of potential on the
boundary equal to the polar cap potential Adpc. A two-cell
convection pattern is assigned to describe the electric poten-
tial inside the polar cap. The low-latitude boundary condition
incorporates the effects of the equatorial electrojet. Note that
the RCM includes the contribution to the electric field in the
magnetospheric equatorial plane from the induced electric
field when time-changing magnetic fields are used for the

mapping.
2.2. Plasma Boundary Conditions

[13] The location of the outer boundary is specified as a
15 Ry circle (the center of the circle is at X=—5 Rz and Y=0)
in the equatorial plane that reaches X = —20 Ry at midnight
and 1Yl = 15 R at dawn and dusk. The latitudes in the ion-
osphere that map to the outer boundary vary as magnetic field
changes. The inner boundary is at » ~ 2 Rz. Along the outer
boundary, the proton and electron distributions at different
MLT are established from a fitting of two-component kappa
distributions, which are a combination of cold and hot popu-
lations, to statistical results from 11 years of Geotail observa-
tions under southward and northward interplanetary magnetic
field (IMF) conditions [Wang et al., 2007; Gkioulidou et al.,
2009]. In this paper we used the southward IMF boundary
condition for Ngw < 6.5 cm >, Vew < 400 kmy/s, |Boypl <
1.3 nT [see Gkioulidou et al., 2009, appendix Table 3].

2.3. Modified Dungey Force-Balanced Magnetic Field
Solver
[14] In order to provide the RCM with self-consistent

magnetic fields, we use a force balance solver [Liu et al.,
2006; Schulz and Chen, 2008] to obtain magnetic fields
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that are in force balance with given plasma pressures in the
equatorial plane. When in equilibrium, magnetic field and
plasma pressure satisfy the force balance equation:

JxB=VP, (4)

where P is the isotropic pressure, and B is magnetic field and
J =V x B/y, is current density.

[15] The magnetic field B can be expressed in terms of
two Euler potentials [Stern, 1967] as

B = Va x Vo, (5)
where
a = 0Dp/0p = —pg/L (6)

is the magnetic flux per unit magnetic local time (MLT), ®»
is the magnetic flux, ¢ is MLT, p is the geomagnetic dipole
moment, and L is the dimensionless label of the field line.

[16] In our solver we make two important assumptions.
The first assumption is the fact that our second Euler poten-
tial is the azimuthal angle ¢. This means that each magnetic
field line always lie in the same meridian plane. Therefore,
our solver does not account for azimuthal perturbations of the
magnetic field. Observations inside » = 8 Ry [Le et al., 2004]
indicate the perturbations from FAC are too small to result in
substantial bending, and magnetic field from the T96 also
indicate strong field lines bending only occurs in regions very
close to the magnetopause.

[17] The second assumption is that the field lines satisfy
the Dungey field line function:

o (1o a1+ 2)] o

where 6 is magnetic colatitude and ry is radial distance from
the point dipole at the equator in Rg, The parameter b
represents field line stretching, and it is a function of both
radial distance and MLT but remains constant along each
field line. We should note here that the original Dungey
model [Dungey, 1963] assumes a dipolar B field plus a
uniform “southward” perturbation AB parallel to the mag-
netic dipole axis, that is, the stretching parameter b is con-
stant and the model is current-free. Our solver allows b to
vary from field line to field line to accommodate current, and
is thus able to produce the required J x B to balance the
pressure gradient force. For the rest of the paper we refer to
our solver as the modified Dungey solver.

[18] With the first assumption, B can be expressed in
spherical coordinates as a function of the partial derivative of
a with respect only to geocentric radial distance » and
colatitude 6:

B(r, 0) = Vo x Vo — 7 2400 _yafor

72 sinf rsinf’

(8)
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Figure 1. Schematic illustrating the polar cap potential
drop (A®pc) change with time in our simulation runs.

which means that the curl of B(r, §) can be expressed as

7 2. /2
L §Po/avop 1 A{a /o r+rlza_a€(aa/ae)} ©)

3 sin 0 r ¢ sind sind

[19] With the second assumption of using the Dungey
field line equation (7), all the partial derivatives of o on the
right-hand side of (9) can be converted into partial derivatives
of a with respect to 7, only at the equator, so that azimuthal
current density at the equator becomes

[(V x B)(p]o _ 1 [a 20 do

Ho _7('0”0#0 {87%73/@4—2}'0@670 ’

(10)

where the subscript 0 refers to quantities at the equatorial
plane.

[20] Therefore, given the above two assumptions, the 3-D
force balance equation (4) is reduced to a 2-D problem that
requires solving two ordinary differential equations, the radial
and azimuthal components of force balance in the equatorial
plane:

(VxB)
7|: " ¢]0 02861;(()) (11)
\%
v, tm

[21] The azimuthal component has an analytical solution,
namely,
BZ

=2+ Py = Prorar(ro)-

T (13)

Equation (13) actually implies that the sum of magnetic and
plasma perpendicular pressure in the equatorial plane is the
same along the same radial distance circle.
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[22] Combining equations (6) and (10), the radial com-
ponent of the force balance equation (11) becomes a second-
order ordinary nonlinear differential equation in 1/L with
respect to 7y, namely,

F/L) _ [ . .
67'(2) o MOP,wym (3L - 2r0) a}"() ro
. ( HOPnurm ) a(I/L)

1+ 2040 Prorm Org

2 0 lnPnorm 2 )

(14)

where Poom = Po/B3 and By is the magnetic field at the
equator. Therefore, for a given plasma pressure distribution
in the equatorial plane, force balanced magnetic field can be
obtained by numerically solving equation (14) with boundary
conditions for 1/L, and 0(1/L)/0r specified at 2 R, which is
our inner boundary, satisfying at the same time the condition
of equation (13) for the same radial distance. The fact that the
stretching parameter b does not appear in the equations (13)
and (14)) is because we have explicitly used the Dungey
field line equation (7), and thus b, to express all the partial
derivatives of 1/L(r, 6) at the equator only as partial deriva-
tives of 1/L with respect to ry. To compute the flux tube
volume which is used in the bounce-averaged equation of
particle motion as well as in field-aligned current (FAC)
calculation in the RCM, we use Schulz and Chen [2008,
equation (1)] and that equation’s two required inputs, b(ro, @)
and 0b/0ry, can be simply obtained with equation (7).

2.4. The RCM With Self-Consistent Magnetic Field

[23] By combining the RCM with the modified Dungey
solver, we can conduct simulations under both self-consistent
electric and magnetic fields. For this study, we ran the self-
consistent simulation first with constant cross polar cap
potential drop (A®pc) of 30 kV for 5 simulation hours
(t = 5 h), and then gradually, within an hour, increased
Adpc to 90 kV (£ = 6 h) and kept it constant for another
4 h (¢ =10 h). Figure 1 shows a schematic diagram of the
time-dependent A®pc change in our run. Every 10 min the
magnetic field was updated so that it maintains force balance
with the RCM pressures at all time. The plasma boundary
condition that was described in section 2.2 remains constant
throughout the simulation. For the two magnetic field
boundary conditions, 1/L and 0(1/L)/0rq at 2 Rg, we used
dipole values for 1/L at all MLT but adjusted o(1/L)/0r, at
each MLT to achieve the best overall force balance both
radially and azimuthally.

[24] There are some limitations in our current coupled
model. The force balance is calculated only in the equatorial
plane, thus balance in the off-equatorial region is not
achieved perfectly. Since b is constant along each field line,
the magnetic field lines are constrained to a “Dungey field
line” shape. Also, no outer boundary conditions for the
magnetic field solver are specified to include the effect of
the magnetopause. Despite the above limitations, the mod-
ified Dungey solver is capable of describing the important
features of field line stretching according to equatorial
pressure profiles and the fields can be numerically computed
rather efficiently. Therefore, the coupled RCM-modified
Dungey solver model allows us to more accurately evaluate
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Figure 2. Radial profile along the midnight axis of |J x Bl
(solid line), IVPI (red line), and IIJ x Bl — IVPIl (dashed line)
at =10 h.

how the self-consistent feedback between plasma and mag-
netic field affects the electromagnetic coupling between the
magnetosphere and ionosphere that is crucial to the penetra-
tion of the plasma sheet into the inner magnetosphere.

3. Simulation Results

3.1. Self-Consistent Magnetic Field

[25s] First of all, we checked that our magnetic field is
indeed in force balance with the plasma pressure at a given
time. In Figure 2 we have plotted |J x BI (solid line), IVPI
(red line) and the absolute value of their difference (dashed
line) versus radial distance at the equator along the midnight
meridian, at ¢ = 10 h, that is, 4 h after A®p was increased to
90 kV. Apart from the region —2 <X GSM < -3, where there
is no plasma pressure because particles from the boundary
cannot reach that region, the difference between the two
forces throughout the simulation domain is clearly negligible
comparable to the two forces, indicating that we have
achieved satisfactory force balance.

[26] In Figure 3 we show the magnetic field lines at mid-
night, also at # = 10 h. The modified Dungey field lines are
shown with solid lines while the corresponding dipole field

Magnetic field lines MLT = 00, t = 10hr
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Figure 3. Magnetic field lines for dipole (dashed lines) and
modified Dungey (solid lines) magnetic field models at mid-
night for ¢+ = 10 h. Different colors represent different L
shells.
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Figure 4. Radial profile of L shell at the equator at mid-

night for # = 5 h (purple line), # = 6 h (blue line), and ¢ =
10 h (green line).

lines are shown with dashed lines. Different colors corre-
spond to different L shells. We can clearly see the Dungey
field line shape mentioned above, but also the stretching of
the field lines in comparison to the dipole ones.

[27] In order to show the amount of stretching of the field
lines, in Figure 4 we have plotted the radial profile of L shells
at the equator at midnight for # = 5 h (purple), # = 6 h (light
blue) and ¢ = 10 h (green). Going from weak (30 kV) to
enhanced convection (90 kV), we see more stretching in the
inner magnetosphere (lower L shells for the same radial dis-
tance) but less stretching toward the tail. In the regions
earthward (tailward) of the peak of the duskward cross-tail
current, the perturbation of the magnetic field caused by this
the current is negative (positive). Therefore, as the duskward
current increases with increasing convection, magnetic field
gets more (less) stretched in the inner (outer) magnetosphere.

[28] One of the major advantages of using a self-consistent
magnetic field model is its ability to produce a dawn-dusk
asymmetric magnetic field according to the plasma pressure
gradients, which, as is discussed later, plays an important
role in magnetosphere-ionosphere coupling. Figure 5 shows
the equatorial profiles of plasma pressure, B,, and L shell
along the dawn (yellow line) and dusk (purple line) mer-
idians at # = 6 h (convection just reached 90 kV). The dipole
field (dashed line) is also plotted as a reference. At dusk,
where the pressure is higher than at dawn, the magnetic field
lines are more stretched and B, is smaller in the inner
magnetosphere.

[29] To investigate if the above changes with increasing
convection seen in our self-consistent (SC) magnetic field
configuration are reasonable, we compare them with statis-
tical values of magnetic field from Geotail and THEMIS. In
Figure 6 we plot radial profiles of ¥ (Figure 6, top) and
B, (Figure 6, bottom) at midnight for our SC magnetic field
(red line), and for the data (solid line corresponds to the
median, while the minimum and maximum of the error bar
indicate the 25% and 75% percentiles, respectively). The
simulations results are for ¢ = 5 h, that is, under weak con-
vection of 30 kV (Figure 6, left) and for # = 6 h, that is, right
after convection has reached 90 kV (Figure 6, right). The
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Figure 5. Equatorial profiles of plasma pressure, B, and L
shell along the dawn (orange line) and dusk (purple line)
meridians at ¢ = 6 h under enhanced convection (90 kV).
Dipole field (dashed line) is also plotted as a reference.

Geotail and THEMIS data have been sorted out into 2 dif-
ferent convection levels with low AE values: (1) weak
convection: 20 < Adpc < 40 kV, 10 < AE < 50 nT and
(2) strong convection: 50 < Adpc < 100 kV, 50 < AE <
150 nT. We included the additional criteria based on AE,
indicated above, to minimize effects from the substorm
expansion phase. We would like to point out that the model
comparison with observations is not rigorous since the
temporal variation of the convection and particle conditions
for our simulation is rather simple compared with the more
complicated conditions that correspond to the statistical
results. Therefore, here we focus more on whether our self-
consistent magnetic field model can reproduce the trends of
the changes seen in the data. We can see that, the V'~ of the
SC run has in general good agreement with observations,
although the modeled values are higher than the observed
ones from r ~ 8-15 Ry. Note that ¥ % is the parameter
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related to the magnetic field that is actually used in the RCM
calculations of bounce-averaged drift and FAC. The method
of obtaining ¥ from observations is discussed in Paper 2. The
comparison of B, with observations, on the other hand, is not
as good. Our self-consistent B, has, in general, larger values
than the observed one. The discrepancy between observed
and modeled values of both B, and ¥ 2> has partially to do
with the fact that we do not consider force balance in the
z direction, due to our restriction to the Dungey field line
shape, which limits the degree of stretching that is attainable.
In addition, concerning the B, values, the spacecraft mea-
surements, as opposed to the simulated ones, were taken in
the vicinity of the equatorial plane, not exactly at the center
of the current sheet (where B, and B, are zero). The limitation
to the stretching would mean that our mapping to magneto-
sphere might not be exact. However, the self-consistent B,
exhibits a slight increase toward the tail with enhanced con-
vection (dashed lines indicate B, = 10 nT for reference),
which is consistent with the observational trend. This is also
due to the different effect on the stretching of the magnetic
field earthward and tailward of the duskward current’s peak,
as discussed earlier (see description of Figure 4).

3.2. Effect of the Self-Consistent Magnetic Field
on Plasma Pressure Distributions

[30] As pressure evolves as a result of particle transport,
magnetic field also changes to maintain force balance, which
directly changes magnetic drift transport as well as FAC. The
changing FAC modifies electric drift through coupling with
the ionosphere, which changes particle transport in turn. To
investigate how the feedback from magnetic field affects the
plasma sheet dynamics and the resulting plasma and field
distributions, we compare our current SC RCM runs with
force-balanced magnetic field with results from our previous
simulations [Gkioulidou et al., 2009] under specified non-
force-balanced, dawn-dusk symmetric Tsyganenko 96 (T96)
[Tsyganenko, 1995, 1996] magnetic field. All the setup for
Adpc and boundary conditions in the two runs are exactly
the same; the only difference is the magnetic field. To get the
T96 magnetic field values, as in the work of Gkioulidou et al.
[2009], we decrease the IMF B. from 0 to —7 nT and Ds¢ from
—10nT to —11 nT when the A®p increases from 30 to 90 kV
(IMF B, and Dst are used as an input for the T96), and two
other inputs, Pdyn = 1.7 nPa and IMF B,, = 0, for the T96, are
kept constant throughout the simulation. Since the T96
magnetic field is not in force balance with the simulated
plasma pressure, we chose the above values for the T96
parameters in order to give typical magnetic field config-
urations for weak and for enhanced convection conditions.
The relationship between IMF B, reduction and A®pc drop
change is based on Weimer [1995, equation (6)]. We decrease
Dst only by 1 nT because the ring current developed in our
simulation, even after 5 h, is not strong enough to justify a
significant drop on the Ds¢ index (note that we have not used
initial plasma conditions that would account for a preexisting
ring current in the inner magnetosphere, so that we can purely
investigate the plasma sheet transport from the boundary all
the way to the inner magnetosphere).

[31] In Figure 7 we show FAC and pressure profiles
mapped to the equatorial plane (Figure 7, top) as well as FAC
and Pedersen conductivity profiles in the ionosphere
(Figure 7, bottom) at = 10 h, that is, 4 h after constant 90 kV
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Figure 6. Radial profiles of (top) ¥ %> and (bottom) B., at midnight, for self-consistent magnetic field
(red line) and THEMIS-Geotail statistical data (solid line corresponds to the median, while the minimum
and maximum of the error bar indicate the 25% and 75% percentiles, respectively), under (left) weak con-
vection and (right) enhanced convection. Dashed lines indicate B, = 10 nT for reference.

enhanced convection, under self-consistent (Figure 7, left)
and under T96 (Figure 7, right) magnetic fields. The reason
we show the above properties for = 10 h is that, by that
time, the changes in our simulation results are insignificant
which means that our simulation has essentially reached
equilibrium. The line contours in all the plots are equipo-
tentials. We also plotted electric field vectors (arrows) at the
equatorial plane in the nightside region on top of the FAC
profiles.

[32] We see that, in the SC run, compared to the T96 run, we
have lower pressure in the inner magnetosphere and weaker
dawn-dusk pressure asymmetry. Figure 8 shows azimuthal
pressure profiles (Figure 8, top) and pressure gradients
(Figure 8, middle) at 7y = 9-12 Rz under weak convection
(t = 5 h) from the two simulation runs. The pressure gra-
dients from the SC results are mainly duskward gradients
(negative values); the T96 results, on the other hand, have a
pressure peak near midnight MLT, thus resulting in duskward
(dawnward) gradients at the postmidnight (premidnight)
MLT. Using pressures simultaneously measured by two
THEMIS spacecraft that were at the same radial distance but
slightly separated in MLT, Xing et al. [2009] showed that the
azimuthal pressure gradients are mainly duskward at the
nightside MLT with smaller magnitudes at the premidnight
than postmidnight MLT, which is consistent with the SC
results. Note that, by applying recent more accurate calibra-
tion of the THEMIS SST pressure, X. Xing (personal com-
munication, 2011) found that the magnitudes of the pressure
gradients are actually about half of the magnitudes shown by
Xing et al. [2009, Figure 3], which brings the comparison
with the SC results to better agreement. Additionally,
Figure 8 (bottom) shows observed statistical equatorial azi-
muthal pressure profiles at the same radial distances under
weak convection obtained from the analysis of THEMIS-
Geotail observations in Paper 2. The statistical profiles also

indicate relatively weak azimuthal gradients as seen in the
SC results and no prominent pressure peak around mid-
night as seen in the T96 results.

[33] The effect of weaker azimuthal pressure gradients
from the SC on the FAC and electric field distributions can
be seen in Figure 7. The weaker azimuthal pressure gradients
result in weaker R2 FAC (the pair of FAC at X ~ =5 to
—10 Ry with downward FAC (in red) in the premidnight
and upward FAC (in blue) in the postmidnight sector). The
change in the R2 FAC modifies, in turn, electric field dis-
tributions through M-I coupling. We found that electric field
becomes more dawn-dusk asymmetric under self-consistent
magnetic field, with stronger electric field in the postmid-
night sector than the premidnight one in the region beyond
Xgsm ~ —6 Rg. Also, the radial and latitudinal extent of the
strong electric fields in the near-Earth premidnight sector
(latitude ~65° in the ionosphere and Xgsm ~ —4 Rg in the
magnetosphere), also known as SAPS because of their strong
westward E x B convection flow, become much more con-
fined in latitudinal and radial extent than in the T96 run. The
Harang reversal, the region of converging electric fields in
the nightside ionosphere at auroral latitudes (60°—66°),
extends further toward dawn in the SC results.

[34] In the next section we analyze in depth how particle
transport under SC magnetic field results in the above dif-
ferent FAC and electric field distributions from those under
fixed magnetic fields.

3.3. Effect of Self-Consistent Magnetic Field on Plasma
Sheet Proton and Electron Inner Edge

[35] An important yet fundamental question arising from
the above investigation of the plasma sheet properties is,
how does applying a force-balanced magnetic field modify
the plasma sheet particle transport to the inner
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for upward, red for downward) and pressure profiles

mapped to the equatorial plane, as well as electric fields (arrows), and (bottom) FAC and Pedersen con-
ductivity profiles in the ionosphere at # = 10 h under (left) self-consistent and (right) T96 magnetic fields.

magnetosphere relative to applying a non force-balanced
magnetic field (namely, T96)?

[36] Figure 9 shows plasma sheet properties in the equa-
torial plane at + = 6 h (just after A®Ppc has increased to
90 kV), with the SC run (Figure 9, left) and T96 run
(Figure 9, right). In all of Figure 9, a bold dotted line gives a
circle at » = 10 Ry circle for reference. Figure 9a shows
magnetic drift velocities (arrows) for thermal plasma sheet

protons (5 keV at 20 Ry at midnight, ~100 keV at 6.6 Ry),
pressure profile (color contours) and equipotentials (solid
lines). As we can see, compared to the T96 run, using SC
magnetic field results in weaker duskward magnetic drift for
this thermal plasma sheet population, which is the main
contributor to plasma pressure, thus leading to weaker azi-
muthal pressure gradient in the inner magnetosphere. The
arrows in Figure 9b show the directions of VP and of V7V,
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Figure 8. (top) Azimuthal pressure profile and (middle)
pressure gradient using T96 (solid line) and self-consistent
magnetic fields (red line), as well as (bottom) statistical
THEMIS-Geotail azimuthal pressure profiles, for ry =
9-10 Rg (solid line), ro = 10—-11 Ry (dotted line), and ry =
11-12 Rg (dashed line) under weak convection.

their magnitude being given by the arrow color. While in
both runs V¥ is mainly in the radial direction, VP is also seen
to be directed mainly radially only in the SC run (for the
postmidnight region X ~ —8 to —10 Rg). Note that this is in
agreement with results of Zaharia [2008] where he showed
that, in a force-balanced magnetic field, the maximum angle
between the pressure gradient and the field line curvature
decreases with increasing plasma (3, = 2P,/B3, that is, VP and
VV become more aligned (antiparallel) As a result, the R2
FAC (color contours in Figure 9c), which depend on the
cross product of pressure gradients and flux tube volume
gradients (see equation (3)) are much weaker in the SC run
and thus less efficient electric field shielding occurs in the
near-Earth region, especially in the postmidnight sector,
where the upward FAC is significantly weaker than in the
T96 run, as can be seen by the equipotentials (solid lines in
Figure 9c¢).

[37] Finally, Figure 9d shows electric drift with orange
arrows (drift due to induced electric field is neglected), as
well as thermal protons’ magnetic drift with blue arrows,
trajectories beyond 5 Ry with solid lines, partial pressure
with shaded contours and inner edge with the red line
(earthward of this red line the particle content, 7, is less than
20% of the boundary value at midnight). Thermal protons’
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energy is the same as Figure 9a. In the postmidnight sector,
in the SC run, the plasma sheet protons are affected more by
electric drift than in the T96 run, and, therefore, they pene-
trate further earthward. The change in particle transport also
changes particle distributions, as can be seen from the inner
edge of thermal protons becoming more aligned with the
radial circle. That inner edge is also well correlated with the
inner edge of the partial pressure profile of the same energy
protons. As a result of this postmidnight earthward pene-
tration, the inner edge of the plasma sheet thermal protons is
more dawn-dusk symmetric in the SC run, as compared to
the much more pronounced dawn-dusk asymmetry in the
T96 run.

[38] Given the above understanding of how different
plasma sheet proton inner edges are obtained using SC
magnetic field versus T96, we now investigate how the rel-
ative locations of plasma sheet protons’ and electrons’ inner
edges are affected by the self-consistent magnetic field.

[39] Figure 10 shows equatorial inner edges of particle
content for plasma sheet thermal energies (same as in
Figure 9) protons (red line) and electrons (blue line) for the
two runs under weak and enhanced convection. Circles at
8 Ry and 10 Ry are shown for reference. The comparisons
show that the inner edges of protons and electrons in the SC
run are closer to each other and more azimuthally symmetric
than in the T96 run. Comparing weak convection with
enhanced convection, the inner edges of both protons and
electrons in the SC run become more azimuthally symmetric
with increasing convection and become even closer to each
other. Also, the intersection of the ion and electron edges
moves duskward with enhanced convection. The inner edges
in the SC run is in better agreement than in the T96 run
with those seen in statistical particle distributions shown in
Figure 7 of Paper 2. The locations of the inner edges and
relative position between ion and electron edges play impor-
tant roles in determining the characteristics of the Harang
reversal and the SAPS.

3.4. Effect of Self-Consistent Magnetic Fields
on the Harang Reversal and SAPS Region

[40] The earthward penetration of the plasma sheet
strongly affects the spatial distribution of convection electric
field in the near-Earth region, including the Harang reversal
and the SAPS. In the recent years there has been a revival of
the interest in these features since they seem to be closely
associated with the two major geomagnetic disturbances,
storms and substorms.

[41] As can be seen in Figure 7, the Harang reversal in our
SC simulation under enhanced convection extends from
~66° to 60° latitudes. This is in agreement with the iono-
spheric SuperDARN observations by Zou et al. [2009], who
found the latitudinal extent of Harang reversal during the
growth phase of nine substorms varied between 67.5° and
62.5°.

[42] The ionospheric feature of the Harang reversal has
been referred to as electric field skewing when mapped to
magnetosphere. Observational evidence of this skewing has
been shown in a paper by Matsui et al. [2010]. By statisti-
cally analyzing Cluster data, they found changes in the sign
of the x component of the electric field in the postmidnight
sector between the main and recovery phases of storms,
which is likely due to the bending of the equipotentials in the
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Figure 10. Equatorial inner edges of protons (red line) and
electrons (blue line) of energies of 5 keV and 1 keV, respec-
tively (thermal energies), at 20 Rz at midnight, under self-
consistent (solid line) and T96 (dashed line) magnetic fields
at (top) ¢ = 10 h (after 4 h of enhanced, 90 kV, convection)
and (bottom) ¢ =5 h (after 5 h of weak, 30 kV, convection).

Harang region. Their electric field measurements are made at
r = 3.5-6 Ry, which is within the radial distances of our
simulated Harang reversal in the equatorial plane, especially
in the postmidnight region.

[43] Additionally, postmidnight storm time enhancement
of ions of tens of keV observed by ENA [Brandt et al.,
2002] has been associated with the above described electric
field skewing [Ebihara and Fok, 2004; Buzulukova et al.,
2010]. Therefore, it is important to understand how this
skewing in the Harang region is affected by the SC magnetic
field, and more specifically why the Harang in the SC run
extends more toward dawn, something that would definitely
affect the above postmidnight ion enhancements.

[44] In our previous study using the RCM simulations
with T96 magnetic field model [Gkioulidou et al., 2009], we
have shown that the formation of the Harang reversal is a
result of an overlap in the vicinity of midnight MLT of the
R2 upward and downward FAC. In that overlap region, the
downward FAC (located at lower latitudes) is associated with
partial pressure peak of low-energy protons (~up to 400 eV at
the midnight boundary) that penetrate closer to the Earth
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toward the dawn side, while the upward FAC (located at
higher latitudes) is associated with the duskside bulk pressure
peak of high-energy protons. Combining this understanding
from our previous results with our current results, we can
explain why the Harang reversal extends more toward dawn
than in the SC run than in the T96 run. In Figure 11 we plot
trajectories with solid contours and inner edge with red line
for low-energy protons (400 eV at 20 Ry at midnight). It is
clear that these low-energy protons, responsible for the
downward FAC in the overlap region, penetrate closer to
the Earth in the postmidnight sector in the SC run than in
the T96 run, due to the reasons discussed in the previous
section, that is, weaker shielding of the convection electric
field. This means that the FAC overlap region extends more
toward dawn and so does the Harang reversal, as can be
clearly seen in Figure 7.

[45] The second phenomenon associated with the con-
vection electric field is SAPS, which refers to the region of
very strong tailward electric fields in the near-Earth pre-
midnight sector. These strong SAPS electric fields are a
result of ions penetrating to a region earthward of electrons
where conductivity is low, so that a strongly enhanced elec-
tric field is required to maintain current continuity with the
enhanced downward FAC in that region [Southwood and
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Figure 11. Proton trajectories with solid contours and inner
edge for low-energy protons (400 eV at 20 Ry at midnight)
with red lines at # = 6 h (convection has just reached 90 kV).
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Wolf, 1978; Anderson et al., 2001]. Therefore, the fact that
the SAPS in the SC run (Xgsm ~ —5 R in the magnetosphere)
is more confined in its radial (equatorial plane) and latitudinal
(ionosphere) extent can be attributed to the premidnight inner
edges of protons and electrons being located closer to each
other than in the T96 run. The narrow latitudinal (1°-2°) and
radial extend of the simulated SAPS in the SC run is also in
better agreement with the observations both in the iono-
sphere, 64°—68° [H. Wang et al., 2011], and in magneto-
sphere (<1 Rg) [Nishimura et al., 2008].

4. Summary and Conclusions

[46] In this paper we have presented results from self-
consistent simulations using the RCM coupled with a mod-
ified Dungey force-balanced magnetic field model. To
investigate the role of the interplay between magnetic field
and plasma sheet transport in the R2 coupling, we have
compared our self-consistent RCM results (SC run) with the
results from a RCM run using T96 magnetic field (T96 run).

[47] In the SC run, compared to the T96 model run,
duskward magnetic drift is weaker for the thermal plasma
sheet protons, which is the main contributor to plasma
pressure, thus leading to weaker azimuthal pressure gradient
in the inner magnetosphere. Since the gradient of flux tube
volume is mainly directed radially, the weaker azimuthal
pressure gradients result in weaker R2 FAC and thus less
efficient electric field shielding in the near-Earth region. The
less efficient shielding allows thermal plasma sheet protons
to penetrate further earthward in the postmidnight sector. As
a result, the inner edge of the these thermal protons is more
azimuthally symmetric in the SC run, while in the T96 run
there is a much more pronounced dawn-dusk asymmetry.

[48] Investigation of the inner edges of both protons and
electrons shows that they are closer to each other and are
more azimuthally symmetric in the SC run than in the T96
run. The electron inner edge is earthward (tailward) of the
proton inner edge in the postmidnight (premidnight) sector
and the two edges intersect at around midnight. Comparing
weak convection to enhanced convection, the inner edges of
both protons and electrons in the SC run become more azi-
muthally symmetric with increasing convection and are
located even closer to each other. Also, the intersection of
the ion and electron edges moves duskward under enhanced
convection.

[49] The locations of the inner edges and the relative posi-
tion between ion and electron edges determine the character-
istics of the Harang reversal and the SAPS. More specifically,
in the postmidnight sector, low-energy protons, which are
responsible for the downward FAC of the overlapping FAC
pair causing the Harang reversal, penetrate further toward
dawn in the SC run because of less efficient shielding. This
results in further dawnward extension of the Harang reversal.
In the premidnight sector, the fact that the inner edges of
protons and electrons are located closer to each other in the
SC run causes the SAPS to be more confined in its radial and
latitudinal width.

[s50] We found that the magnitudes of the azimuthal pres-
sure gradient, the inner edges of thermal protons and elec-
trons, the latitudinal range of the Harang reversal, and the
radial and latitudinal width of the SAPS become more
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consistent with observations when taking into account the
feedback from force-balanced magnetic fields.
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