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[1] Using an electrically self‐consistent kinetic ring current model, we investigate how
different conditions of plasma sheet distribution affect the ring current properties. Results
include comparative studies in (1) varying the radial distance of the plasma sheet
boundary; (2) varying local time distribution of the source population; (3) varying the
source spectra, with #2 as our main focus. Our results show that a source that is farther
away from Earth leads to a stronger ring current than a source that is closer to the Earth.
Local time distribution of the source plays an important role in determining both the radial
and azimuthal (local time) location of the ring current peak pressure. We found that
postmidnight source locations generally lead to a stronger ring current. This finding is in
agreement with Lavraud et al. (2008). However, our results do not exhibit any simple
dependence of the local time distribution of the peak ring current (within the lower energy
range) on the local time distribution of the source, as suggested by Lavraud et al. (2008).
Instead, the local time distribution of source populations has to compete with the
dynamically updated self‐consistent electric field (through the coupling to the ionosphere)
in controlling the ring current intensity and peak location. Our results also show that
different source spectra lead to different (though the difference may not be very
significant) ring current intensities and that low‐energy plasma in the kiloelectron volt
range at the boundary constitutes a dominant source population to the ring current. In
addition, we found that the radial location of source population is also important to
ring current development.
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1. Introduction

[2] Plasma sheet plasmas, as one of the important source
populations of the ring current, have been examined quite
extensively for their characteristics (such as their solar wind/
interplanetary magnetic field dependence, local time distri-
bution, etc.) and their role in ring current development.
Observations [e.g., Thomsen et al., 2003; Lavraud et al.,
2006] as well as drift‐loss kinetic ring current simulations
[e.g., Chen et al., 2007] have found that a cold dense plasma
sheet leads to an enhanced ring current. In particular, a
number of studies [e.g., Kozyra et al., 1998; Chen et al.,
2000; Liemohn et al., 2001; Ebihara et al., 2005a] have dem-
onstrated that plasma sheet density is crucial to a strong ring
current. The highly variable nature of the plasma sheet para-
meters has been attributed to the complicated structure of the
plasma pressure in the inner magnetosphere and the result-
ing dynamic behavior of rapid subauroral plasma flows
[Ebihara et al., 2009].

[3] The availability of satellite observations has advanced
our understanding of plasma sheet plasma properties in
response to different solar wind conditions. The plasma sheet
is colder and denser during intervals of the northward inter-
planetary magnetic field (IMF) than those of the southward
IMF [e.g., Terasawa et al., 1997; Wing and Newell, 2002].
During periods of northward IMF, plasma sheet ions often
have two components: a hot population of magnetospheric
origin and a cold one of magnetosheath origin; the density of
the cold plasma sheet ions is usually higher at the dawn flank
than the dusk flank [e.g.,Wing et al., 2005;Wang et al., 2007]
when the solar wind speed (Vsw) is small. Prompted by these
observational features, Lavraud and Jordanova [2007] and
Chen et al. [2007] recently investigated how two represen-
tative plasma sheet conditions (cold dense versus hot tenu-
ous) affect the evolution of the ring current differently, with
the former varying density and temperature with conserva-
tion of the pressure and the latter based on the statistical
results of Geotail observations [Wang et al., 2007]. The effects
of Local Time (LT) asymmetry of plasma sheet properties on
proton ring current energy and peak location have also been
examined. Lavraud et al. [2008] provides important insights
concerning how local time distribution of plasma sheet den-
sity affects the morphology and strength of the ring current.
However, the results were performed under a dipole magnetic
field and the Volland‐Stern empirical electric field model,
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which may be too simplistic for representing storm time fields.
Past research has shown the magnetic field can have large
depressions during the storm periods [e.g., Le et al., 2004;
Zaharia et al., 2005; Sitnov et al., 2008]. The presence of a
spatially localized enhancement of the large‐scale electric
field between L = 3 and L = 6 for Kp > 3 observed by the
CRRES spacecraft is not consistent with what can be predi-
cated by the Volland‐Stern model [Rowland and Wygant,
1998]. Therefore, one of the major objectives of the paper is
to study the influence of local time asymmetry of the plasma
sheet density on the ring current dynamics using the Com-
prehensive Ring Current Model (CRCM) [Fok et al., 2001],
which achieves self‐consistency in the electric field. In com-
parison to the work of Lavraud et al. [2008], our results
highlight the importance of a self‐consistent electric field in
determining the intensity and morphology of the ring current
pressure. The implication of the results is that besides the local
time features of the plasma sheet density, other physical
parameters, such as the morphology of the global electric field,
which is closely related to the spatial and temporal character-
istics of the ionospheric conductance, may play important roles
in controlling local time distribution of the ring current. In
addition, we examine how variations in the radial distance of
plasma sheet source population and its spectrum affect the
dynamics of the ring current. This work is particularly signifi-
cant in view of recent observational features of plasma sheet
properties [e.g., Liemohn et al., 2008; Wang et al., 2007;
Zhang et al., 2006] and their potential impact on the storm‐
time ring current.

2. Model Description

[4] The CRCM [Fok et al., 2001] is a simulation code that
self‐consistently solves the bounce‐averaged Boltzmann
convection‐diffusion equation of ring current particles and
the continuity of electric current in the coupled magneto-
sphere and ionosphere system. As a combination of the Fok
et al. ring current model [e.g., Fok and Moore, 1997] and
Rice Convection Model (RCM) [Toffoletto et al., 2003, and
references therein], the CRCM has been successful in
modeling the storm‐time ring current behavior, as well as
the dynamics of the coupled ionosphere [e.g., Ebihara and
Fok, 2004; Zheng et al., 2006]. Details can be found in Fok
et al. [2001].
[5] Averaging over gyro‐phase and bounce‐phase, the

ring current particle motion is described by the bounce‐
averaged Boltzmann equation in space and time [Fok et al.,
2001], that is
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where �fs= �fs(li,8i,M,K) is the four‐dimensional phase
space density for a given time and species s, li is the
magnetic latitude at ionospheric altitude (ri ≈ 1.02 RE), 8i is
the magnetic local time at the ionospheric altitude, M and
K are two adiabatic invariants. The dimensions/grid sizes
are 48 in li, 48 in 8i, 35 in M (first adiabatic invariant),
and 28 in K (second adiabatic invariant). The first term on
right‐hand side of equation (1) includes losses from charge
exchange, Coulomb collisions, and loss‐cone loss and the
second term represents source/loss due to wave‐particle inter-

actions. Only charge exchange and loss cone losses are
considered here. The operation hi means a bounce average
over a field line between two mirror points. The bounce‐
averaged drift velocity h�i

�
i and h8i

� i can be represented as
partial derivatives of the Hamiltonian (H) as in the paper
by Fok and Moore [1997, equation (8)], which are elegant
and easy to solve numerically. The loss‐cone altitude is set
at 120 km. The phase space density specified in the li − 8i −
M − K space �fs = �fs(li,8i,M,K) can be easily mapped to the
L − MLT − W − ao space (where L is the magnetic shell;
MLT is the magnetic local time; W is the particle kinetic
energy; ao is the equatorial pitch angle) �fs = �fs(L,MLT,W,ao)
that is convenient for comparison with observations.
[6] The RCM algorithm is used to connect the ring cur-

rent particles in the magnetosphere to the field‐aligned cur-
rents in the ionosphere based on conservation of number
of particles and the current continuity equation. The phase
space density �fs = �fs(li,8i,M,K) is converted to h (li,8i,M,K),
which represents the number of particles per unit magnetic
flux in the ranges of (M, M + DM), (K, K + DK). The
relation is

� ¼ 4
ffiffiffi
2

p
�m3=2

0
�f M1=2DMDK: ð2Þ

The field‐aligned current is then given by
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where index i represents quantities evaluated at ionosphere
altitude (ri). Equation (3) is equivalent to the so‐called Vasy-
liunas relation [Vasyliunas, 1970, 1984].
[7] The ionospheric Fi (therefore the electric field) is

obtained by solving the Poisson equation

r � ð�S � rFiÞ ¼ Jki sin I ; ð4Þ

where S is the height‐integrated conductance tensor and I
is the magnetic dip angle in the ionosphere. The ionospheric
conductance S includes contributions both from solar irra-
diance (background) and from the auroral particle precipita-
tion. The International Reference Ionosphere (IRI‐95) [Bilitza,
1997] and the Mass Spectrometer Incoherent Scatter (MSIS‐
E90) model are used to calculate the background conduc-
tance. The Hardy model is used as a default for calculating
the auroral conductance, which is Kp dependent [Hardy
et al., 1987].
[8] The ionospheric electric potential Fi calculated by

equation (4) is mapped along magnetic field lines assuming
that the field line is equipotential. The newly updated elec-
tric field is then used to solve the kinetic equation for ring
current particles (equation (1)).
[9] The CRCM can take any magnetic field model (one

of the Tsyganenko models is usually used, such as the one
developed by Tsyganenko and Stern [1996] or by Tsyganenko
and Sitnov [2005]) or outputs from an MHD model to specify
its magnetic field. The Weimer 2000 model [Weimer, 2001]
is usually employed to set up the potential distribution at
the high‐latitude boundary. But the CRCM can take results
from any empirical models of the electric field or mea-
surements (such as SuperDARN radar) for its high‐latitude
potential. The default distribution function of the injected

ZHENG ET AL.: EFFECTS OF PLASMA SHEET ON RING CURRENT A08220A08220

2 of 15



particles at the boundary (normally it is set at 10 RE and
can be also set at 6.6 RE to take advantage of the LANL
data as in the work of Ebihara et al. [2005b]) is assumed to
be a Maxwellian with density (n) and temperature (T) lin-
early dependent on solar wind density and speed, respec-
tively [Borovsky et al., 1998; Ebihara and Ejiri, 2000] as
described by equations (9) and (10) in Zheng et al. [2006].
The CRCM is flexible in adopting any model of plasma
sheet source population, such as the recent empirical Tsy-
ganenko and Mukai model [Tsyganenko and Mukai, 2003]
that is based on the Geotail measurements.
[10] Although our simulation results are the primary con-

cern of this paper, the solar wind and IMF parameters for
setting up a proper boundary condition/model input that are
required by the CRCM are based on the measurements of
the 24 November 2001 event [Zheng et al., 2008]. We focus
on the results during the period 0600–1600 UT, which is
representative of the main phase of an intense storm (see the
bottom graph in Figure 1).
[11] The Weimer 2000 [Weimer, 2001] electric field

model (parameterized by solar wind conditions) was used to
set up the high‐latitude boundary condition for the simula-
tion. The input parameters for the Weimer model are derived
from the 1 h shifted ACE measurements averaged over
5 min. In order to highlight the effects of source population,
the input parameters for the T96 model [Tsyganenko, 1995]
were kept constant (the set of parameters for 06 UT were
used since we started simulation runs at this time: the solar
wind dynamic pressure is set as 1.81 nPa, Dst as −9.9 nT,
IMF By = 6.0 nT and IMF Bz = −1.3 nT). The corotation
electric field was also included.

[12] The magnetosphere was assumed to be initially fil-
led with preexisting particles whose distribution function
was obtained from measurements of the Active Magneto-
spheric Particle Tracer Explorers/Charge Composition Explorer
satellites during quiet time [Sheldon and Hamilton, 1993].
The distribution function of the preexisting particles does
not significantly affect the result because the preexisting
particles will be subject to loss soon after the enhancement
of the convection electric field as the newly injected parti-
cles occupy the inner magnetosphere.

3. Simulation Results

3.1. Dependence on Source MLT Distribution

[13] To investigate the effects of the local time distribution
of source population density, a variety of numerical experi-
ments were performed. Only protons are considered here
in the simulations. Different density profiles were applied at
the simulation boundary (10 RE at the nightside and the
magnetopause location determined by the T96 model on the
dayside), with a density peak of 1.5 cm−3 spanning 4 h in
MLT on the nightside and a density of 0.75 cm−3 elsewhere.
All the other input/boundary conditions, such as the high‐
latitude potential distribution, were kept the same. The top
graph in Figure 1 shows the temporal evolution of the total
energy (and the corresponding corrected SymH index: SymH*;
the relationship between SymH* and SymH is shown as
in equation (5) the paper by Ebihara et al. [2005b]) within
the simulation domain from six simulation runs, in refer-
ence to the SymH index during the period (0600–1600 UT,
the main phase of an intense storm) shown in the bottom
graph of Figure 1. Please note that a logarithmic scale is
used for the total energy, while a linear scale is used for
SymH. The difference between the six runs lies only in the
center location of the source density peak (other input/
boundary conditions were kept same for all runs). The center
MLT location of the source density peak for six runs is
03 MLT, 01 MLT, 00 MLT, 23 MLT, 22 MLT, and 21 MLT.
Different colors were used to differentiate between the cases
(black for the 03 MLT run, blue for the 01 MLT run, light
blue for the 00 MLT run, green for he 23 MLT run, orange for
the 22 MLT run, and red for the 21 MLT run). A noticeable
feature of the results is that during all times of the simulation
period, the total energy of a source peaking in postmidnight
is appreciably larger than that peaking in the premidnight.
On the other hand, the difference in the total energy among the
premidnight cases is minute/small. The nice orderly increase
in total energy from a premidnight centered source to a post-
midnight centered source as demonstrated by Lavraud et al.
[2008, Figure 3] doesn’t always hold true here. For exam-
ple, at ∼0800 UT, the run with the source centered at 01 MLT
has larger total energy than the 03 MLT run, and later at
∼1430 UT the total energy for the 21 MLT case is larger than
the 00 MLT and 23 MLT cases.
[14] A more detailed comparison for four selected cases

is provided in Figure 2. Figure 2 shows the results at 12 UT
(close to the Dst minimum) from four simulation runs
(corresponding to the four rows of Figure 2) with the center
of the source peak density located at 03 MLT, 00 MLT,
23 MLT, and 21 MLT. The column on the left shows the
equatorial potential pattern (without the corotation poten-
tial). The partial perpendicular pressure (equivalent to the

Figure 1. Total energy versus time for six different runs
(top), along with the calculated corresponding value of the
corrected SymH − SymH*, in reference to the measured
SymH index (bottom) during the period of 06–16 UT. The
density peak of source population for the six cases is cen-
tered at 03 MLT (black), 01 MLT (blue), 00 MLT (light
blue), 23 MLT (green), 22 MLT (orange) and 21 MLT
(red). A logrithmic scale is used for the top graph and a lin-
ear scale is used for the bottom graph.
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energy density) in the energy range of 1–40 keV and the
perpendicular pressure in the range of 1–180 keV are
located in the middle column and on the right, respectively.
The electric potential distribution for the four runs (first
row), which is important for the low‐energy ring current
particle motion through E × B drift, shows clear differences
between each other, particularly in the 18 MLT‐03 MLT
sector at the nightside. The partial pressure in the low‐
energy range displays more noticeable difference between
different runs than the pressure in the range of 1–180 keV
shown in column on the right. The radial extent of the
pressure distribution is larger for the low‐energy range.
[15] A quantitative comparison among the six runs in

terms of the peak pressure (its MLT value, radial location,
and its own value) versus the source MLT distribution is
more clearly illustrated in Figures 3 and 4. We recognize
that comparisons using the peak pressure alone may be

oversimplified. But this method is justified here considering
pressure peaks in our results are somewhat broad as indi-
cated by Figures 5 and 6. The magnetically consistent simu-
lation runs of the ring current tend to result in multiple
localized peaks in pressure [Zaharia et al., 2005; Chen et al.,
2007]. In those circumstances, using the peak pressure alone
may be inadequate. The top graph of Figure 3 shows the rela-
tionship between the MLT peak of partial pressure in the
low‐energy range and the MLT peak of the source density.
Clearly, the relationship here is very different from what is
shown in the paper by Lavraud et al. [2008, Figure 4d]. The
differences are twofold: (1) the case with its source density
peaked at 21 MLT serves as a counterexample in that a pre-
midnight source results in a partial pressure peak in the
postmidnight sector (0330 MLT); (2) the MLT location of
partial pressure peak and the MLT location of the source
exhibit a nonlinear relationship. There is no simple correlation
between the source MLT location and the peak pressure MLT
location in this low‐energy range. As we discuss later, the
peak location of the source density only constitutes one of

Figure 3. (top) Relationship between the MLT peak of par-
tial pressure in the low energy range of 1–40 keV and the
MLT peak of source density. (bottom) Relationship between
the MLT peak of the pressure in the range of 1–180 keV and
the MLT peak of plasma sheet source.

Figure 4. The radial location of the pressure peak versus
MLT of the source is shown in black solid line and the peak
pressure versus MLT of the source is shown in gray dashed
line: (top) partial pressure and (bottom) total pressure.

Figure 2. Simulation results of four runs, with the density peak of the source population centered at 03 MLT, 00 MLT,
23 MLT, and 21 MLT, are shown here. The column on the left is the potential pattern in the corotation frame, the middle
column is the partial pressure in the range of 1–40 keV, and the column on the right is the total pressure in the energy range
of 1–180 keV. Major features and differences of the four runs are discussed in the text.
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several factors that controls the peak location of the ring
current pressure/energy density.
[16] The bottom graph Figure 3 shows the relationship

of the MLT location of peak pressure in the energy of 1–
180 keV versus the MLT location of the source density peak.
An anticorrelation seems to exist: the postmidnight source
leads to a ring current pressure peaking in the premidnight,
while a premidnight source leads to a ring current pressure
maximizing in the postmidnight (the case where the source
density centered at 21 MLT is an exception). The MLT spread
of the pressure peak among all the cases is smaller for the total
pressure than that of the partial pressure in the 1–40 keV
range.
[17] The radial location of the pressure peak (black solid

line) and the peak pressure itself (gray dotted line) versus
the MLT value of the source density peak are displayed in
Figure 4, with the top graph showing the results for the
partial pressure and the bottom graph showing those for the
total pressure. The span in radial distance among all cases is
smaller for the total pressure. The total pressure peak moves
closer to the Earth for a premidnight source. From Figure 4
we can see that the pressure arising from ring current par-
ticles of 1–40 keV is only a small fraction (less than 10%) of
the total pressure (1–180 keV). In addition, the radial loca-
tion of the partial pressure peak versus MLT of the source
does not exhibit the same behavior as shown in the paper
by Lavraud et al. [2008, Figure 4c]. Neither does the total
pressure versus MLT of the source [Lavraud et al., 2008,
Figure 4a].
[18] The temporal evolution of the ring current partial

pressure (Figure 5) and total pressure (Figure 6) versus radial
distance at a specific meridional plane for three represen-
tative MLTs (03 MLT, 00 MLT, and 20 MLT) from five
runs (density peak at 03 MLT in black, density peak at
01 MLT in purple, density peak at 00 MLT in blue, density
peak at 23 MLT in green, and density peak at 21 MLT in
red) are shown in Figures 5 and 6, providing a more
quantitative view of the differences between the runs. The
radial location of the peak pressure is shown more clearly

here. The case with the source location centered at 21 MLT
has the deepest earthward penetration for both the partial
ring current pressure and total pressure. The radial variation
of the peak pressure with time is as expected, showing the
earthward movement of ring current particles during the
early hours of the storm main phase.
[19] The details of the results are summarized in Table 1,

where the value of the peak pressure, its radial location,
MLT value, full width at half maximum (FWHM) in radial
direction, and FWHM in MLT are provided for both the
partial pressure and the total pressure.
[20] Differences in the radial and MLT locations among

the six cases can be explained by the combination of their
electric potential distribution and the MLT distribution of
the source population at the boundary. Below we will dis-
cuss our results from the comparative analysis between two
cases (one with the source density centered at 21 MLT and
one with the source density centered at 22 MLT) in order
to understand how only a slight difference in the source
MLT distribution leads to dramatically different ring current
behaviors, particularly for the particles in the low‐energy
range.
[21] Figure 7 shows the partial perpendicular pressure at

12 UT in the 1–40 keV energy range for two cases. The one
centered at 21 MLT (left) has a smaller peak pressure than
the one centered at 22 MLT (right). In addition, the MLT
location of the peak pressure is different, with the former
located in the postmidnight (03 MLT) and the latter in the
premidnight (22 MLT). The drift paths of ions at four dif-
ferent times (1000 UT, 1020 UT, 1130 UT, and 1200 UT)
are shown in Figure 8, with the 21 MLT case at the top and
the 22 MLT case at the bottom. Figure 9 shows the cor-
responding potential distributions for two cases. The drift
paths are for ions with 90° equatorial pitch angle and mag-
netic moment (M) such that their particle energy is 20 keV
at 3.6 RE, 03 MLT. The drift trajectories are isocontours of
the Hamiltonian, H, which is given by Fok et al. [2001]:

H ¼ W þ qF� qWME
cos�i

2ri
; ð5Þ

Table 1. Locations of Peak Pressure Versus MLT Distribution of Source Density

MLT of source
density peak

Peak
pressure
(nPa)

(1–40 keV)

r of peak
location
(RE)

MLT of
peak location

Dr
(FWHM) MLT range

DMLT
(FWHM)

03 MLT 17.3 4.55 5.5 2.9 1430–0000–0930 19
01 MLT 21.1 3.90 3.5 2.6 1800–0000–0830 14.5
00 MLT 20.5 3.74 4.0 2.1 1900–0000–0830 13.5
23 MLT 17.2 4.64 22.5 3.2 1630–0000–0800 15.5
22 MLT 14.6 5.08 22.0 3.6 1430–0000–0830 18.0
21 MLT 11.7 3.60 3.0 2.8 1730–0000–0830 15.0

Source MLT

Peak
pressure
(nPa)

(1–180 keV)
r of peak
location

MLT of
peak location

Dr
(FWHM) MLT range

DMLT
(FWHM)

03 MLT 238.8 4.08 23.0 0.89 1730–0000–0300 9.5
01 MLT 184.1 4.09 23.5 1.11 1730–0000–0500 11.5
00 MLT 154.4 4.08 1.5 1.25 1830–0000–0530 11.0
23 MLT 161.5 3.92 1.5 1.03 1930–0000–0530 10.0
22 MLT 172.5 3.92 1.5 1.18 1830–0000–0500 10.5
21 MLT 174.9 3.92 0.0 1.20 1830–0000–0500 10.5
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where W is the ion kinetic energy, which is, for perpen-
dicular particles, equal to M • Bo, where Bo is the magnetic
field at the equator; W is the angular velocity of the Earth’s
rotation; ME is the dipole magnetic moment. The dashed
lines in Figure 8 are energy contours in kiloelectron volts.
The density peak in MLT is marked by the green lines.
Besides the differences and similarities in ion drift paths
for two cases at any given time, the evolution of ion drift
paths with time in response to different potential patterns
can be readily seen here. In order to understand the differ-

ence occurring at 12 UT, it is necessary to consider the
temporal evolution of drift paths/potential patterns prior to
the moment of consideration. Notice that the different drift
path behavior displayed at 1020 UT might be the major
contributor to the differences in partial ring current pressure
displayed in Figure 7. For the case with source centered
at 21 MLT, a fraction of particles between 19 MLT and
23 MLT at the boundary may have access to the postmid-
night sector as indicated by the highlighted path in red. For
the case centered at 22 MLT, particles between 20 MLT and

Figure 8. Drift paths at four different times for (a) source centered at 21 MLT and (b) source centered at
22 MLT.

Figure 7. The partial perpendicular pressure in the energy range of 1–40 keV at the equatorial plane for
the run with the source density peak centered at 21 MLT and the run centered at 22 MLT.
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24 MLT at the boundary do not seem to have access to the
postmidnight sector. Due to modification of the ring current
at any time step in the simulation, the self‐consistently com-
puted potential distributions in Figure 9 show clear differ-
ences between the two cases, particularly at the nightside.
The difference in potential distribution leads to the differ-
ence in particle trajectory. Therefore, differences in ring
current pressure among the six cases can be explained by the
combination of their electric potential distribution and the
MLT distribution of the source population at the boundary.

3.2. Dependence on Source Radial Location

[22] The appearance of fresh plasma material in the
plasma sheet (which serves as one of the major sources for
the inner magnetosphere) could come from the episodic
events of substorms or aftermaths of interplanetary shocks.
Their spatial location will vary depending on the corre-
sponding solar wind and geomagnetic conditions. To exam-
ine how the spatial location of plasma sheet plasmas affects
the ring current behavior, we show the results of two runs
where the distribution of the source is kept the same
(assuming Maxwellian, with the same temperature 5 keV
and density 0.75 cm−3 that are independent of MLT) and
the boundary location is set as 10 RE for run A and 6.6 RE

for run B. Figure 10 shows that a source that is farther
away from the Earth produces a much stronger ring current
than a source that is closer to the Earth if the distribution of
the population is same. This is to be expected, as to the

zeroth‐order approximation, number of particles in the flux
tube is constant so n*V = const (V is magnetic flux tube
volume). With the same n assumed for both cases, the
number of particles as ring current source population is
much smaller at 6.6 RE than that at 10 RE. Additionally,
betatron and Fermi acceleration should both play a role
in ensuring that plasma of equal density and temperature
results in a stronger ring current if injected from further
away (increase in both perpendicular and parallel energy
due to increase in ∣B∣ in the former and decrease in the
length of the field line in the latter as plasmas get transported
earthward). A more quantitative understanding of how its
energy changes as a particle moving earthward is provided
in Figure 11 in terms of drift paths for three different pitch
angles, with Figure 11a showing the drift paths of particles
at ∼ 90° equatorial pitch angle, Figure 11b showing the drift
paths of particles at ∼ 0°, and Figure 11c showing the drift
paths for particles at an equatorial pitch angle between 0°
and 90°. From the drift paths (solid lines) and the iso-
contours of energy (dashed lines) in the left column, we can
see that particle energy increase as particle moves earthward
regardless of its pitch angle. The dashed lines in the right
column are isocontours of the sine value of the equatorial
pitch angle. Figure 11b indicates that there is an increase in
pitch angle as particles convect earthward. At least this is
true for the cases under a time‐independent magnetic field.
Figure 11 also shows that in order for a particle at 10 RE in
the nightside to reach 20 keV at 3.6 RE, 03 MLT, its

Figure 9. The corresponding potential distributions at four different times for (a) source centered at
21 MLT and (b) source centered at 22 MLT.
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required energy at the boundary is smallest for particles at
90° pitch angle, largest for particles at 0° pitch angle. In all
three cases, particles that are farther away from the source
get more energization. The implication of Figure 11 is that
pitch angle distribution of the source population is also an
important factor in controlling ring current intensity.
[23] This investigation indicates that temporal changes/

spatial distribution of the source location could be one of the
factors contributing to the structuring of the ring current.
The results bear significance to proper modeling and rep-
resentation of different plasma species, which most likely
have very different source locations.

3.3. Dependence on Source Spectrum

[24] To show the dependence of the ring current on
the source spectrum, results from two runs are shown in
Figure 12, where run 1 assumes a Maxwellian distribution
(equation (6)) and run 2 assumes a kappa distribution with
� = 5 (equation (7)) while keeping same n (0.75 cm−3) and
Eo(5 keV) for both cases. The temperature and density are
uniform in MLT:

f ¼ n
m

2�Eo

� �3=2

exp�
E
Eo ; ð6Þ

f ¼ n
m

2�Eo�

� �3=2 Gð�þ 1Þ
Gð�� 1=2Þ 1þ E

Eo

� ����1

: ð7Þ

Figure 12c shows the density versus energy distribution for
both cases with the black line corresponding to the Max-
wellian distribution and the red line corresponding to the
kappa distribution at the boundary. The equatorial plasma
pressure distribution in Figures 12a and 12b shows that
with the same density and characteristic energy, the Max-
wellian distribution leads to a more enhanced ring current.
The total energy versus time from 06 UT to 16 UT shown in
Figure 12d also verifies this.

[25] Even though our choice of spectra is relatively simple
(the plasma sheet plasma is better represented as a bi‐kappa
distribution), results from the two runs show that plasma
less than 15 keV (the crossover energy in Figure 12c) con-
tribute most to the ring current pressure since the difference
between the two distributions lies in these source particles
(Figure 12c). To be more general, the important implication of
the results is that low‐energy plasma in the kiloelectron volt
range from the plasma sheet constitutes a dominant source
population for the ring current.

4. Discussion and Summary

[26] These results highlight the complexity of the ring
current dynamics. The MLT distribution of the source
density is an important factor in affecting ring current
strength and morphology. But there is no simple linear
relationship between the MLT of the source and the MLT
value of the peak ring current energy density (pressure)
when self‐consistency in the electric field is considered. The
MLT characteristics of the ring current pressure are deter-
mined by multiple factors, with the global electric field
distribution as a prominent one. The fundamental equation
of ionosphere‐magnetosphere coupling [Vasyliunas, 1970]
is ~ri � ½~S � ð�~riFÞ� ¼ b � ~riV �~ri P sinðIÞ (where index
i refers to the quantities evaluated at the ionosphere, ~S is
the height‐integrated conductance tensor, F is the electric
potential, V is the flux tube volume, P is the ring current
pressure, and I is the magnetic dip angle). The ring current
strongly affects the electric field in storm times, as Ridley
and Liemohn [2002] have demonstrated and as indicated
by the above equation. To calculate the electric field prop-
erly, ring current effects must be taken into account. Con-
ductance inhomogeneity is also important, particularly the
day‐night effect. Magnetic field configuration is important
for ring current particle transport, particularly for the parti-
cles at higher energies. Previous modeling results with self‐

Figure 10. Ring current dependence on source radial distance. The equatorial pressure distribution for
(a) source located at 10 RE and (b) source located at 6.6 RE.
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Figure 11. Drift paths for three different equatorial pitch angles, with (a) at ∼ 90°, (b) at angle between
0° and 90°, and (c) at ∼0°.
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consistency in B show that the total ring current strength
decreases in comparison with a dipole field [Zaharia et al.,
2006; Chen et al., 2006], and the ring current is more struc-
tured. However, the ring current morphology and local time
distribution of the equatorial flux peaks remain almost
unchanged [Jordanova et al., 2006].
[27] Our numerical experiments also show that the radial

location of the source population and their spectra char-
acteristics are important players in dynamic evolution of the
ring current. Therefore, the global electric field and iono-
spheric conductance map, together with the spatial (in radial
distance and MLT distribution), temporal, and spectra (plus
compositional) makeup of the source population, are all
important physical parameters in controlling the ring current
morphology and intensity.
[28] In summary, our numerical results show that the

source local time location is also a major factor control-

ling the total ring current energy, with substantially larger
total energies obtained for a postmidnight source location
(Figure 1) as found in the work of Lavraud et al. [2008].
However, one major conclusion of the paper is that self‐
consistency in the electric field is critical in determining
the local time distribution of the ring current pressure. The
simple relationship between the peak location of the plasma
sheet density and the peak location of the ring current
pressure in the low‐energy range disappears when the cou-
pling between the ring current and ionosphere is considered.
Such results are very different from those generated using
the Volland‐Stern empirical model. This paper further con-
firms that a realistic description of the ring current requires
a realistic representation (including temporal, spatial, and
compositional variations) of the source population at the
boundary and the global electric field distribution (which
implies the significance of the ionospheric conductance).

Figure 12. Ring current dependence on the source spectra. Equatorial distribution of the ring current
pressure for (a) the case where the source population is represented by a kappa distribution and (b) the
case represented by a Maxwellian distribution. (c) Density distribution at the boundary for two cases.
(d) Total energy (and the calculated SymH*) versus time during 06 UT–16 UT, in the same format as
that in Figure 1.
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