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Abstract. Several two-phase decay magnetic storms are examined using a kinetic transport
model to find the spatial and temporal distribution of the perpendicular and field-aligned currents in
the inner magnetosphere. The global morphology of these currents in the calculational domain
(inside of geosynchronous orbit) is discussed as a function of storm epoch, obtaining good com-
parison between the numerically derived features and observed values of stormtime currents in this
region. The model results are also consistent with quiet time plasma observations showing an in-
creasing pressure in to L=3 or 4, including a pressure maximum near midnight for the generation
of region 2 Birkeland currents in the proper direction. A detailed analysis of the characteristic fea-
tures of these currents is also presented and discussed. It is found that most of the ring current
(>90%) during the main phase and early recovery phase is partial rather than symmetric, closing
mostly (up to 90%) through field-aligned currents into the ionosphere. Conversely, the quiet time
ring current is largely (>60%) symmetric, with most of the asymmetry produced by minor injec-
tions of near-Earth plasma sheet material. In general, the peak asymmetric current (which occurs
during the main phase) is 2-3 times larger than the peak symmetric current (which occurs during
the recovery phase) for any particular two-phase decay event. This is the case for all of the events
studied, regardless of storm size, solar wind parameters, or solar cycle. The maximum azimuthal
current (integrated over a local time slice) reaches 5 to 20 MA, compared with <2 MA of symmet-

ric current at quiet times.

1. Introduction

Recent investigations of ring current dynamics are leading
to a new understanding of the stormtime ring current during
events with two-phase decay signatures. It has been thought
that a trapped symmetric ring current is rapidly produced after
the Dst minimum during storms. The subsequent ring current
decay was thought to be dominated by charge exchange, with
minor contributions from Coulomb drag energy loss and wave-
particle scattering into the loss cone (see most recent review
by Daglis et al. [1999]). Two-phase decays were thought to be
produced by the different charge exchange rates of O" and H*
ring current ions, particularly for large storms [e.g., Hamilton
et al., 1988]. It is now clear that the partial ring current far
exceeds the symmetric ring current not only throughout the
entire main phase of magnetic storms (which typically last
from several hours to more than a day) but also throughout the
early recovery phase of two-phase decay storms {Terada et al.,
1998; Ebihara and Ejiri, 1998; Grafe, 1999; Liemohn et al.,
1999, 2001; Greenspan and Hamilton, 2000; J. U. Kozyra et
al., Multistep Dst development and ring current composition
changes during the June 4-6, 1991, magnetic storm, submitted
Journal of Geophysical Research, 2001 (hereinafter referred to
as (Kozyra et al., submitted manuscript, 2001)]. A large en-
hancement in the convection electric field and near-Earth
plasma sheet density are the major drivers of the ring current
development, with the field transporting the particles deep
into the inner magnetosphere. During the main phase, plasma
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sheet ions drift around the duskside and then flow out the day-
side magnetopause, with most of them making a single pass

by the Earth. When the convection electric field decreases
(late in the recovery phase), open drift paths are converted to
closed ones, finally forming a symmetric ring current. By this
time, much of the energy contained in the ring current (partial
and symmetric) has already been dissipated [Liemohn et al.,
2001].

An understanding of the morphology and evolution of the
current in the inner magnetosphere is needed for several rea-
sons. First, the magnetic field perturbations generated by
these currents alter the magnetic field in this region [e.g.,
Chun and Russell, 1997], having consequences for all of the
plasma populations, especially the high-energy radiation belt
particles. Second, the ionospheric closure of the asymmetric
portion of these currents leads to large perpendicular electric
fields at subauroral latitudes during disturbances, having sig-
nificant effects on ionospheric plasma drifts [e.g., Fejer et al.,
1990; Yeh et al., 1991]. These drifts cause density irregulari-
ties that cause VHF scintillations and therefore GPS (global
positioning system) errors. Third, these currents are part of
the overall magnetospheric current system and should be un-
derstood in relation to other magnetospheric currents, particu-
larly the region 1 Birkeland currents and Chapman-Ferraro
magnetopause currents.

In situ observations yield two products for understanding
the current system in the inner magnetosphere. The first is
single-point measurements of the current density at a particu-
lar location and time. These are useful for understanding the
local current intensity as a function of the solar wind and
planetary conditions, but they do not resolve space-time am-
biguities. The second is statistical compilations of these
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measuremets as functions of various quantities. These are use-
ful for understanding general trends in the global morphology
and evolution of the current system, but they cannot predict
the extreme events or even precisely reproduce the global pat-
tern for any particular event.

Theoretical calculations have the power to determine the
current everywhere in near-Earth space for a specific event.
However, very few numerical studies of the stormtime ring cur-
rent actually calculate and present the magnetospheric current
densities. For instance, the field-aligned currents from the
magnetospheric particle populations have been numerically
calculated as part of the Rice Convection Model (RCM) for
several decades [e.g., Jaggi and Wolf, 1973; Harel et al.,
1981; Spiro et al., 1988]. From these currents the RCM has
been used quite successfully to reproduce ionospheric electric
field observations {Spiro et al., 1988; Fejer et al., 1990; Fejer
and Scherliess, 1997; Garner, 2000]. However, discussion of
the calculated region 2 Birkeland currents is usually brief with
no presentation of the magnetospheric cross-field currents
generating them. For example, Chen et al. [1982] certainly
calculated the magnetospheric currents from the RCM to ob-
tain synthetic ground-based magnetograms, but no presenta-
tion or discussion of their morphology and evolution is
given.

More recent numerical investigations are similarly vague
about the inner magnetospheric current. Takahashi et al.
[1991] calculated the current densities in the ring current re-
gion, but only presented the field-aligned currents into the
ionosphere, which unfortunately gave unreasonably large
ionospheric currents and magnetic perturbations. Only very
recently has the stormtime perpendicular current density in the
inner magnetosphere been calculated and presented from nu-
merical simulation results of geomagnetic storms [Ebihara and
Ejiri, 2000; Kozyra et al., submitted manuscript, 2001]. Both
of these studies showed that the azimuthal current in the inner
magnetosphere is asymmetric during storm main phases, but
did not analyze these values any further than topological dis-
cussions.

This study quantitatively examines the three-dimensional
current distribution in the inner magnetosphere by analyzing
numerical results for several geomagnetic storms. Both cross-
field and field-aligned currents are considered as a function of
storm epoch, including an analysis of the proportion of the
asymmetric ring current closing through various places.
These calculated values are compared against observations and
put into the context of previous studies.

2. Approach

This study uses results from a kinetic ring current model that
solves the gyration and bounce-averaged Boltzmann equation
inside of geosynchronous orbit. Originally developed by Fok
et al. [1993] and Jordanova et al. [1996], the version used here
is most recently described by Liemohn et al. [1999, 2001].
Using second-order accurate numerical schemes, the hot ion
phase-space distribution is determined as a function of time,
equatorial plane location, energy, and equatorial pitch angle,
yielding a detailed description of the ring current ion popula-
tion throughout near-Earth space. Using solar wind data,
geomagnetic activity indices, and geosynchronous orbit
plasma data, quantitative results are found for specific mag-
netic storm events. For the calculations presented below it
should be noted that the geomagnetic field is taken to be a
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static dipole and the convection electric field is specified by a
modified Mcllwain [1986] description. The particular realiza-
tion used here has the field driven by the cross polar cap po-
tential difference (as given by the assimilative mapping of
ionospheric electrodynamics (AMIE) technique) and also by
the midnight auroral boundary index (MBI) produced by the Air
Force Research Laboratory (see Liemohn et al. [2001] for fur-
ther details).

The ion distributions can be integrated to yield the current
density J in the inner magnetosphere. First, J must be calcu-
lated from the ring current results for the entire simulation do-
main. The perpendicular current from the hot ion population
of the inner magnetosphere can be written as the sum of two
terms which drive the electrons and ions in opposite direc-
tions [e.g., Parker, 1957], the first being the magnetization
current driven by the cyclotron motion,
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and the second being the current from the drifts induced by the
gradient and curvature of the ambient magnetic field B,
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Note that (1) and (2) are written for ion pressures because these
particles carry the majority of the plasma energy. Using some
well-known vector identities and the assumption of a potential
magnetic field (that is, a current-free representation, such as a
dipole, which is used in the transport model), (1) and (2) can
be summed and rewritten as [cf. Lui et al., 1987; Ebihara and

Ejiri, 1998]
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Note that there is both a radial and azimuthal component to J,.
The particle pressures in (3) are simply moments of the calcu-
lated distribution function,

P =nff(v,a)mvzsin3advda ,
4)
Py =2n J f(v.a)mv?cos’asinadvdar ,

where v and « are the particle velocity and local pitch angle
and f is found by mapping the distribution at the equatorial
plane (the bounce-averaged value) to the local latitude. The
current in (3) was used in the Biot-Savart law and analytically
integrated to yield a relationship between the total ring current
energy and its resulting magnetic perturbation at the center of
the Earth, known as the Dessler-Parker-Sckopke (DPS) equa-
tion [Dessler and Parker, 1959; Sckopke, 1966).

The current density parallel to the magnetic field lines is
found from the divergence of I, (current, not current density)
according to Kirchhoff's branch point rule,

B-V(ﬂl—)=V~J (5)
B L

which is accumulated along the field line,
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Figure 1. Schematic of the geometry for the calculation of
the parallel current density, showing a three-dimensional view
of a grid cell along a field line and a cross-sectional view that
cell.

where A is the cross-sectional area of the local grid cell, k is
the grid cell index along the field line, A;, is the surface area
between cell k and adjacent cells normal to B, (in the direction
N, ), and J, is the current at that cell interface. The outer
summation runs from the equatorial plane to the local cell
along B, and the inner summation includes all perpendicular
interface surfaces for the chosen cell. This is schematically
shown in Figure 1 for an arbitrary grid cell. Note that the grid
cells are actually curved with the spatial grid. Equation (6) is
equivalent to the Vasyliunas equation for the current into the
ionosphere [Vasyliunas, 1970],

B; dl
JH,i(mn = 2'[(;'50 (VPeq xBeq )'Veq(_";) s @)
eq

given an isotropic pressure (the subscripts iono and eq refer to
the ionosphere and equatorial plane, respectively). Birming-
ham [1992] extended the Vasyliunas equation by deriving a
formulation for the field-aligned current accumulation between
two arbitrary points along a field line, including pressure ani-
sotropy effects. However, the grid-based, numerical nature of
the model results makes (6) a more convenient expression for
the field-aligned current densities than either (7) or Birming-
ham's integral equation.

The field-aligned current (FAC) deposited into or extracted
from the ionosphere is then somehow closed through Pedersen
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currents, either with itself or through the region 1 current sys-
tem. The nature of this ionospheric portion of the closure cur-
rent will not be discussed here, as the focus is on the magni-
tudes of the currents in the inner magnetosphere.

3. Results

For this analysis, simulation results for four magnetic
storms will be examined: September 25, 1998; June 5, 1991;
May 15, 1997; and October 19, 1998. All of these storms are
driven by interplanetary coronal mass ejections (ICMEs), and
all have varying degrees of a two-phase decay recovery. The
first will be shown in detail and summary plots of the rest will
be used to demonstrate the generality of the conclusions. For
details on the various input quantities and other simulation re-
sults, please see Kozyra et al. (submitted manuscript, 2001)
for the June 1991 storm and Liemohn et al. [2001] for the oth-
ers. The model accurately reproduced the observed features of
the ion distributions and Dst* for these storms (see figures be-
low), and these results helped to solidify the new understand-
ing of the stormtime ring current. Here another aspect of these
results will be investigated: the magnitude, morphology, and
evolution of the current itself and not just the particle popula-
tions.

3.1. Global Morphology

Plate 1 shows several quantities in dial plot format at seven
times during the September 1998 event. The chosen times
(from left to right) are during the storm growth phase (first two
columns), the modeled Dst* minimum (third column), the early
recovery phase (fourth column), the transition between early
and late recovery (fifth column), and the late recovery phase
(last two columns). The top row shows the flux tube-averaged
pressure of the ring current ions (summed H" and O"). The ions
stream in from the nightside (the right in each dial plot), drift
around the duskside (the bottom of each dial plot), and convect
out the dayside boundary. The particles flush out the dayside
throughout the main phase and early recovery [cf., Liemohn et
al., 1999, 2001], and it is not until convection has signifi-
cantly decreased that the ring current energy density appears
symmetric.

According to (3), J, should flow along the surfaces of con-
stant pressure, slightly deviated from these isobars by the ani-
sotropy term (in general less than the pressure gradient term,
as will be shown below). This is what is seen in the next two
rows of Plate 1, showing the flux tube-averaged azimuthal and
radial current. These quantities are calculated by integrating
each component of J, from (3) along the field line and then di-
viding by the appropriate grid cell surface area (azimuthal or
radial), also integrated along the flux tube. At radial distances
greater than the pressure peak (3.5 to 4 R,), the current flows
westward. Inside of this peak the current flows eastward. At
the ends of the crescent of high pressure, radial currents com-
plete the loop, flowing away from Earth on the nightside and
toward Earth on the dayside. Note that there are essentially no
radial currents in the final column because the pressure (and
therefore the azimuthal current) is almost completely symmet-
ric.

Because J, from (1) is a curl, its divergence is zero and it
therefore does not contribute to Ji. Examination of (2) indi-
cates that a FAC is generated when either P, or P, vary along a
line of constant magnetic flux density (in the present case,
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Plate 1. Dial plots of September 25, 1998, storm. The seven columns are at 0100 and 0300 UT (main
phase), 0500 UT (modeled Dst* minimum), 0800 UT (early recovery), 1200 UT (end of early recovery), and
1500 and 1800 UT (late recovery phase). The four rows present field line-averaged values of the energy den-
sity, azimuthal current, radial current, and the ionospheric (120 km) value of the field-aligned current. Note
that each row has its own colorscale, the first one logarithmic. In each plot the view is looking down from
over the North Pole, with noon to the left and distances given in R,.
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Figure 2. Integrated current quantities for the September

1998 storm. Shown are (a) the maximum and minimum azi-
muthal current through an LT slice, (b) the total field-aligned
current into the ionosphere and the total radial current out of
the simulation domain, (c) the partial ring current from sub-
traction of the values in Figure 2a and also from summation of
the values in Figure 2b, (d) the percentage of the total current
that is asymmetric, calculated as shown in the legend, and (e)
the observed and modeled Dst* profiles.

along an L shell). Because the ion pressure has a crescent
morphology (rather than a torus), it has an azimuthal gradient
and thus FACs are generated. In general, downward FACs are
generated where the pressure increases with local time and up-
ward FACs are generated where the pressure decreases with lo-
cal time. This is seen in the last row of Plate 1 where the Jj
into (or out of) one ionosphere is shown (ionospheric current
density, not a flux tube-averaged value). Note that the values
shown are the current densities at 120 km altitude in the north-
ern ionosphere, but they are plotted on an equatorial spatial
grid for similarity with the other dial plots in Plate 1. These
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current densities reach values greater than 1 pA m™, which,
compared with typical stormtime high-latitude FAC densities
of a few A m™, are approaching very significant levels of cur-
rent flow through the ionosphere. In addition, they are depos-
ited at subauroral latitudes, where the ionospheric closure cur-
rents have the possibility of greatly influencing the low and
midlatitude magnetometer stations used to calculate the Dst in-
dex. Such an effect was found for large substorm current
wedges [Friedrich et al., 1999; Munsami, 2000] and could
happen here, although calculation of this impact is beyond the
scope of this paper. However, a qualitative discussion of this
impact is given in the next section.

The J; values in Plate 1 illustrate an interesting phenome-
non. Before the storm the FACs have the standard pattern (but
very weak) of being out of the ionosphere on the dawnside and
into the ionosphere on the duskside. As the plasma pressures
and convection strength increase, this pattern is rapidly
changed into the storm main phase noon-midnight configura-
tion. This breaks up, weakens, and rotates around throughout
the recovery phase (columns 5 and 6) to eventually return to
the dawn-dusk region 2 configuration (column 7). What is
seen in the sequence of dial plots is that the pattern moves
westward through 360° of azimuth, rather than rotating back
eastward as the disturbance wanes. The rotation is because the
ion pressure enhancement generating these currents gradient-
curvature drifts westward through near-Earth space after the
ions are captured onto closed trajectories. This occurs simul-
taneously with the buildup of the standard region 2 Birkeland
currents seen in the final column. Column 6 reveals a compli-
cated FAC pattern as the stormtime system rotates and decays
while the standard region 2 FAC pattern emerges at the outer
edge of the simulation domain. During the rotation the elec-
tric field pattern generated by the ionospheric closure of these
FACs moves into and out of phase with the region 1 current-
generated electric fields. Such phase oscillation will have an
influence on the inner magnetospheric plasma, particularly
the cold population of the plasmasphere.

The FAC pattern seen in the lower-right dial plot of Plate 1
persists through the remainder of the simulation (another day).
While it is slightly offset from midnight, this offset is also
present in the prescribed high-latitude-driven convection pat-
tern (the modified Mcllwain field [see Liemohn et al., 2001,
Figure 5] and thus the basic pattern matches that of the stan-
dard quiet time region 2 Birkeland currents.

3.2. Integral Current Characteristics

Plate 1 appears to be highly asymmetric in pressure and
azimuthal current during the main phase and early recovery
phase of the storm. To obtain a global measure of the asym-
metry in the ring current, it is useful to integrate the azimuthal
current density over radial distance and latitude at various local
times, yielding the total westward current as a function of local
time (LT). The symmetric ring current at a particular time
would therefore be the LT minimum of this integral value, be-
cause it is the current that flows completely around the Earth.
The asymmetric portion of the ring current is defined here as
the maximum of this integral value minus the minimum value,
because this is azimuthal current that does not make it all the
way around the Earth. Plotted in Figure 2a are the maximum
(symmetric plus asymmetric) and minimum (symmetric only)
values of the westward current, and it is clear that there is a
strong asymmetry in the ring current during the main phase of
the storm. The observed and modeled (from the Dessler-Parker
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Figure 3. Same as Figure 2, but for the June 1991 storm.

Sckopke relation [Dessler and Parker, 1959; Sckopke, 1966])

Dst* is plotted in Figure 2e for timing reference and also to

show the overall accuracy of the model results against the ob-
served Dst* profile. It is interesting to note that the symmet-
ric ring current actually decreases during the early growth
phase of the storm (momentarily reaching zero) before rising
and reaching a maximum value of 8 MA during the storm re-
covery.

This current asymmetry must be balanced somehow,
though, and there are two ways of removing the excess current
from the simulation domain: FACs and radial currents through
the outer (and inner) boundary. The integrals for each of these
two J, losses are shown in Figure 2b. The FACs are computed
from (6) based on the divergence of J, inside the simulation
domain, while the radial loss is simply J, from (3) exiting the
simulation domain. It should be noted that the J, sources from
these two terms are nearly identical to the loss values at all
times, conserving the current through the boundary and
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through the ionosphere. It is seen in Figure 2b that FAC loss
is by far the biggest loss of current. This is significant, be-
cause it indicates that the crescent of extra westward current is
a partial ring current closed through the ionosphere rather than
a magnetotail current closed through the magnetopause. In
fact, the radial current loss may also be a FAC into the iono-
sphere beyond the simulation domain.

Because the partial ring current should match the current
losses in the system, it is useful to compare these two quanti-
ties. Figure 2c shows the asymmetric ring current intensity
calculated two ways: from the subtraction of the maximum and
minimum westward current integrals; and from the addition of

the FAC and radial current losses (note the addition of the cur-
rent sources is equal to this). It is seen that the summation
value is slightly larger than the subtraction value. This is ex-
pected, because the summation value includes partial ring cur-
rents that do not pass through the LT of the maximum west-
ward current (that is, some fraction of the asymmetric current
flows into and out of the simulation domain without crossing
the LT of maximum current). The difference is not large, how-
ever, indicating most of the partial ring current is recorded by
the subtraction method. Also seen in Figure 2¢ is the magni-
tude of the partial ring current (both curves). It peaks sharply
up to 15 MA just before the Dst* minimum. It then decreases
during the early recovery phase and remains below 1 MA (for
the most part) throughout the late recovery phase of the storm.

This partial ring current during the main phase of the storm
is much larger than the symmetric ring current at that time.
The percentage of partial ring current (partial over maximum
westward current) is shown in Figure 2d. It can be seen that
this quantity reaches 100% just before the Dst* minimum. It
declines throughout the recovery, but not as fast as the partial
ring current does because the symmetric ring current is also
degrading. Late in the storm sequence the percentage is usu-
ally below 20%, with occasional excursions above this during
mild injections from the tail.

To show the generality of this result, Figures 3, 4, and 5
show analogous results for the three other storms mentioned
above. In all cases, the partial ring current is dominant during
the main phase and early recovery of the storm, with intensi-
ties typically an order of magnitude larger than the prestorm
symmetric ring current. The symmetric ring current grows
during the early recovery of the storm as the convection
strength weakens, and then starts declining in the late recov-
ery phase as charge exchange becomes the dominant ring cur-
rent loss. Note that these storms have very different modeled
Dst* minima, ranging from -80 to -240 nT, the solar cycle
phase is quite different between them, and the solar wind con-
ditions were distinctly different in each case. The main simi-
larity between them is that all four storms are driven by ICMEs
and have two-phase decay recoveries. This disparity of storm
conditions yet similarity in partial ring current dominance
lends support to the claim that this is the case for these types
of storms in general.

4. Comparison With Observations

It is useful to compare these current densities with observa-
tions of the inner magnetospheric current density during dis-
turbed conditions. For example, Lui et al. [1987] showed cur-
rent densities in the afternoon sector during two magnetic
storms. Figure 6 shows a comparison of their observations
against model results. Shown here are the observationally
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Figure 4. Same as Figure 2, but for the May 1997 storm.

derived current densities from the main phase of a moderate
magnetic storm (September 4, 1984) together with results
from the main phase of the September 1998 storm along a
" similar spatial trajectory through the inner magnetosphere
(near 1400 LT at L=7 to 1800 LT at L=2). Figure 6a shows the
total azimuthal current from the observations and from the
model. The profiles have similar shapes and magnitudes. Dif-
ferences are to be expected because they are from different
storms, but both are September storms near solar cycle mini-
mum. Another source of difference is that the observational
values are not purely azimuthally flowing currents because the
satellite moved in local time, thus measuring a mixture of the
strong azimuthal currents and the weaker radial currents. Fig-
ures 6b and 6¢ show the contributions to this current density
from the two terms on the right-hand side of (3), the pressure
gradient term and the anisotropy-curvature term, respectively.
It is seen that the model results are reasonably close to the ob-
servational values, particularly with respect to the overall
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shape of these radial profiles. A comparison of Figures 6b and
6¢c show that the pressure gradient term is indeed much larger
than the other term in the calculation of the perpendicular cur-
rent density (moreso in the model results than in the measure-
ment-derived currents).

Comparisons with statistical compilations of field-aligned
current densities show similar agreement with the model re-
sults [e.g., lijima and Potemra, 1976; Zanetti et al., 1984;
Bythrow et al., 1984; lijima et al., 1990; Weimer, 1999]. For
instance, both Zanetti et al. [1984] and Weimer [1999] showed
nonsubstorm FAC patterns with region 2 currents peaking
near 65° invariant latitude (standard dawn-dusk pattern of Ii-
Jima and Potemra [1976]) with an amplitude of a few tenths of
a pA m” (all interplanetary magnetic field (IMF) clock an-
gles). Compare this with the FAC pattern values of the late re-
covery phase of the storm shown in Plate 1. Values of a few
tenths of LA m~ are shown, with the standard dawn-dusk con-
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Figure 6. Comparison between modeled and observed azi-
muthal currents (positive eastward) in the afternoon sector dur-
ing the main phase of a geomagnetic storm. Shown are (a) to-
tal azimuthal current, (b) current from the pressure gradient
term in (3), and (c) current from the magnetic curvature (and
pressure anisotropy) term in (3). The observed current densi-
ties are from Lui et al. [1987, Figure 5], during the growth
phase of a storm on September 4, 1984. The model results are
from 0000 UT on September 25, 1998, for spatial locations
matching the trajectory of the satellite.

figuration. Bythrow et al. [1984] showed that during periods
of strongly southward IMF (-6 nT2B,,,,>-11 nT), this pattern
moves equatorward, peaking closer to 60° invariant latitude
with significantly larger current densities. Similarly, Weimer
[1999] showed that substorm-epoch FAC patterns move a bit
equatorward, rotate westward, and essentially double in inten-
sity (close to 0.5 pA m?). During storm periods, this pattern
is expected to continue to intensify and move equatorward and
westward, just as predicted by the model results discussed
above. It should be remembered that the simulation domain of
the model calculations shown above is within geosynchro-
nous orbit (roughly 67° invariant latitude), so only part of the
region 2 Birkeland currents are reproduced in the model results.

Chun and Russell [1997, 2000] statistically compiled mag-
netic perturbation data from several inner magnetospheric sat-
ellites. They determined that there is a large occurrence rate of
FACs in the premidnight region inside of geosynchronous or-
bit (down to R=3 R,, the extent of their study) during active
geomagnetic periods. However, during low-activity periods,
this feature disappears and the median region 2 FAC location
moves out near geosynchronous orbit (R=6-8 R,), consistent
with the well-known lijima and Potemra [1976] ionospheric
FAC pattern. Such a morphology and evolution of the FAC
pattern in the inner magnetosphere is clearly seen in the
model results.
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The results are also consistent with plasma pressure meas-
urements in the inner magnetosphere and the generation of re-
gion 2 Birkeland currents from these observations.  The
plasma sheet is almost always seen across the nightside local
time sector at geosynchronous orbit, with excursions away

from this norm mostly during very disturbed times when the
satellites enter the lobe [McComas et al., 1993]. Furthermore,
inner magnetospheric satellite observations consistently
show an increasing plasma pressure in to L=3 or 4, even for
quiet times [e.g., Lui and Hamilton, 1992; Lui et al., 1994].
Such an ion pressure profile requires an alternative FAC gen-
eration scenario in order to explain the location of the region
2 Birkeland currents (see Mauk and Zanetti [1987] for a de-
tailed discussion of this). Lui et al. [1994] proposed that a
pressure gradient directed more toward the midnight meridian
than the magnetic field gradient (yet both pointing toward the
Earth) is a configuration suitable to producing region 2 cur-
rents of the proper sense when the pressure increases toward
the Earth. This is exactly the configuration that exists in the
model results shown above (late recovery and quiet times),
with an enhancement of pressure near midnight relative to the
nightside flanks. This enhancement is from a pileup of ions
as the corotation, convection, and gradient-curvature compo-
nents of the perpendicular drift create a stagnation point near
this location for certain energies. Figure 7 shows the Alfvén
boundaries for three ion energies (0, 3, and 12 keV at R=6.6
R,) for typical low geomagnetic activity values (using a modi-
fied Mcllwain convection field, as used in the simulation re-
sults). These energies span the range of typical nightside
plasma sheet temperatures observed at geosynchronous orbit,
which are usually from 5 to 8 keV [e.g., Borovsky et al.,
1998]. The stagnation point of the boundary rotates from
slightly postdusk for zero-energy ions through midnight into
the predawn sector for high-energy ions. The ion population
is enhanced on either side of the Alfvén boundary because
these are typically the slowest-flowing drift trajectories
through the inner magnetosphere (zero flow at the stagnation
point). In addition, loss processes such as Coulomb colli-
sions and charge exchange reduce the ion fluxes as the parti-
cles convect through the inner magnetosphere. These factors
lead to a hot ion pressure morphology that fits well with the
observations, and produces the proper sense of region 2 cur-
rents in the inner magnetosphere during quiet times.

The results presented above are also consistent with ground-
based observations. Clauer et al. [1983] found that ASYM, the
dawn-dusk asymmetry in the northward magnetic field pertur-
bation in midlatitude ground-based magnetometer measure-
ments, is correlated with the solar wind motional electric field
E, with a 3 hour time lag, while ASYM was not particularly
well correlated with the AL index of auroral activity. This in-
dicates that ASYM is generated by the injection of plasma
sheet ions in close to the Earth (a trait of strong E)), as is the
case for the storms studied here [Liemohn et al., 2001; Kozyra
et al., submitted manuscript, 2001]. Iyemori [1990], also ana-
lyzing stormtime midlatitude magnetometer data, found, on
average, downward FACs in the late moming and upward FACs
in the evening to early morning. During storm main phases,
however, the downward FAC peak was located in the after-
noon, and shifted to the morning sector as storms progress.
This is precisely the FAC evolution and morphology pre-
sented in Plate 1.

All of this leads to the conclusion that the model fairly ac-
curately determines the currents in the inner magnetosphere
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Figure 7. Alfvén boundaries asusming a modified Mcllwain
convection electric field for typical low-activity levels (Kp=2,
cross polar cap potential of 40 kV, and magnetospheric width
of 30 R,). Three boundaries are shown corresponding to ion
energies of 0 keV (solid line), 3 keV (dotted line), and 12 keV
(dashed line) at geosynchronous orbit (magnetic moments of
0, 28, and 111 eV nT"', respectively). The view is looking
down from over the North Pole, with noon to the left and dis-
tances given in R,.

during geomagnetic storms. This is true even though the
model uses a static dipole magnetic field and an electric field
description is an imposed analytical formulation driven by so-
lar wind and geomagnetic activity conditions (resulting in a
temporally and spatially varying convection pattern). Self-
consistent magnetic and electric field descriptions would cer-
tainly improve the data-theory comparisons, but the closeness
of the simulation results to the observations lends support to
the claim that these nonlinear effects are not large. Further-
more, it is possible to use these model results to extrapolate
single-point or multipoint observations of the current into a
global picture of the magnetospheric currents in near-Earth
space. Of course, this is already happening, to some degree,
not only in the model results shown here (extrapolating geo-
synchronous observations into a solution throughout the in-
ner magnetosphere) but also with data assimilation inside of
the calculational domain of a transport model [Garner et al.,
1999].

5. Discussion

The results above show that numerical calculations of the
stormtime energetic ion distributions in the inner magneto-
sphere yield a highly asymmetric ring current during the main
phase which eventually transitions into a highly symmetric
ring current during the late recovery phase. In addition, these
results are consistent with ground-based, ionospheric, and in-
ner magnetospheric observations of storm periods, support-
ing the claim that these results are generalizable to most (or
all) ICME-driven, two-phase decay storms. Let us now exam-
ine in more detail some of the features of these results.
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It is interesting that three of the four storms presented had
at least one instance of a ring current that was 100% asymmet-
ric (and the other one came very close). This always occurred
during the main phase of the storm. During these instances,
the minimum net westward current is zero or negative. This is
a bit misleading, because it does not mean there is no westward
current at some dawnside LT. Rather it means that the eastward
current is equal to or exceeds the westward current at this LT,
making the integral over the meridional plane slice less than
zero. This is partly caused by the numerical resolution of the
results from the kinetic ion transport code. Another, more
important, reason is an increased eastward current on the
dawnside created by the morphology of the partial ring current
at this time. That is, the pressure peak moves to large L values
in the predawn sector during enhanced particle injection inter-
vals. Consequently, the eastward-westward pair of azimuthal
currents is moved outward during these times, so much so that
there is a particular LT interval where the eastward current
dominates (the westward current is beyond the simulation do-
main). This is seen in Plate 1 in the two left-most columns,
not only in the predawn sector at large radial distances (be-
yond 5 R,) as a tail in the energy density plots but also in the
corresponding azimuthal current density plots. As seen there,
westward current exists at all local times, it is just weaker than
the eastward current at some instances during the injection
phase of the storm. Regardless, the symmetric component of
the ring current is very small (if not actually zero) at these

times, and the asymmetric component dominates throughout
this phase of the storm.

The closure of the asymmetric J, through FACs (rather than
the magnetopause) is necessary because current must be con-
served everywhere. Because I, defines the current in two spa-
tial coordinates, any divergence of this current must be bal-
anced by a current in the third spatial coordinate (that is, along
the geomagnetic field lines). Although other theoretical stud-
ies have assumed that cross-field magnetospheric currents in-
side of geosynchronous orbit close through the magnetopause
[e.g., Alexeev et al., 1996], the present calculations indicate
most of the asymmetric J, near the Earth closes through the
ionosphere. This has been confirmed by analyses of the east-
west magnetic perturbation at low-latitude ground-based mag-
netometer stations, which show signatures consistent with the
ionospheric closure currents presented here in Plate 1
[Iyemori, 1990; C. R. Clauer et al., manuscript in preparation,
2001].

The results presented above all used the same model of the
convection electric field, yet it is known that the choice of
this description is critical to the nature of the flow of the hot
ions through the inner magnetosphere [cf., Korth et al., 1999;
Jordanova et al., 1999]. Therefore it is useful to show a com-
parison of the stormtime ring current strength from at least
one other convection field description. Figure 8 shows such a
comparison for the September 1998 storm for several compo-
nents of the azimuthal current from the modified Mcllwain
(MM) field (used throughout this study) with results using an
MBI-driven Volland-Stern (VS) electric field description [Vol-
land, 1973; Stern, 1975]. It is seen that the VS model predicts
less symmetric ring current during the recovery phase of the
storm, but the amount of asymmetric ring current is very simi-
lar between the two descriptions. This lower level of symmet-
ric ring current is because the morphology of the VS convec-
tion pattern is such that flow-through is stronger relative to
the MM model. Therefore less of the ions are trapped onto
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Figure 8. Comparison of azimuthal current values for the
September 1998 storm from the modified Mcllwain (MM) and
Volland-Stern (VS) convection electric field descriptions.
Shown are (a) the minimum azimuthal current through an LT
slice, (b) the maximum azimuthal current through an LT slice,
and (c) the asymmetric azimuthal ring current found from the
subtraction of the minimum from the maximum values.

closed trajectories during the recovery phase. The similarity
in the asymmetric ring current component, however, indicates
that the two electric field descriptions yield very similar parti-
cle inflow rates.

The results of this study should also be compared with the
inner magnetospheric magnetic field calculations of Tsy-
ganenko [2000]. In that study, the symmetric and asymmetric
ring currents were assumed to have azimuthal currents of less
than 1 MA each. In the present results, the two ring current
components also reach values of less than 1 MA, but only dur-
ing quiet times, and the stormtime conditions are much differ-
ent. The asymmetric current component can reach 15-20 MA
during the main phase of a storm and the symmetric portion
can rise up to several MA during the recovery phase. These
differences are expected, though, because Tsyganenko [2000]
assumed quiet time ring current ion distributions (those of Lui
and Hamilton [1992]). Therefore the results from that study
and this one are not at odds but are actually quite consistent.
In fact, the model development of that study can be applied to
the current density distributions obtained in this study.

Because of the rich history of the RCM in modeling the
electrodynamics of the inner magnetosphere, it is worthwhile
to compare the present results against results from that model.
A direct comparison against the idealized case studies of Spiro
et al. [1988] is not appropriate because these were hour-long
substorm injections, while this study is examining day-long
storm conditions. The general trend is very similar between
the two studies, however, and the results presented here appear
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to be dramatically perturbed cases compared to their isolated
substorm simulations. A direct comparison can be made, how-
ever, with the study of Gamer [2000], who used the RCM to
examine one of the storms included in this study (June 1991).
They achieved good data comparison for the calculated electric
fields, but less so for the calculated ion fluxes. The opposite
is essentially true for our model, with its prescribed analytical
electric field formulation but with good data-theory compari-
sons of ion flux [Kozyra et al., submitted manuscript, 2001].
The resulting electric fields generated by the FACs presented
in this study are morphologically similar to those of the RCM
and also are quite consistent with observed electric fields [Ri-
dley and Liemohn, 2001]. The two models should not give ex-
actly the same results because the computational schemes and
boundary conditions are quite different. While the electric
field is self-consistently calculated in the RCM, the model
used for this study has its own advantages, such as inclusion of
realistic loss functions and a highly resolved velocity space
distribution. Self-consistency of the electric field (and even-
tually the magnetic field) calculation is presently being incor-
porated. In addition, recent studies have used the RCM in
"ring current mode," showing stormtime injection of plasma
sheet particles deep into the inner magnetosphere [Fok et al.,
2001; S. Sazykin et al., unpublished study, 2001]. It is clear
that plasma transport models of the near-Earth space region
are converging on comprehensive calculational techniques
that accurately reproduce the observations.

6. Conclusions

The main conclusions from this study are as follows.

1. Hot ion transport models are able to reproduce the ob-
served morphology and intensity of the currents in the inner
magnetosphere, allowing for the examination of the three-di-
mensional current system for specific events and for the ex-
trapolation of observed values of the current or ion flux
throughout near-Earth space.

2. The perpendicular current in the inner magnetosphere is
largely asymmetric during the main phase and early recovery
phase of ICME-driven, two-phase decay geomagnetic storms.
As the convection strength decreases, the particles are trapped
on closed drift paths and the current pattern transforms into
the classic symmetric ring current.

3. For large storms (Dst,,,<-200 nT), the asymmetric cur-
rent can reach 20 MA, while the symmetric current can reach
up to 8 MA (note that both do not peak at the same time). In
general, the peak asymmetric current is 2-3 times larger than
the peak symmetric current during any particular event.

4. Most of this asymmetric current closes through
Birkeland currents into the mid-latitude ionosphere (rather
than through magnetopause currents), and thus it should be
classified as a partial ring current rather than a near-Earth tail
current.

5. The stormtime FAC pattern rotates westward completely
around the Earth as the captured ions gradient-curvature drift on
closed trajectories. This occurs while the quiet time region 2
FAC pattern is reforming in the open trajectory region just
beyond the hot ion Alfvén boundaries. Therefore during the
recovery phase of the storm a complicated pattern of time-
varying FACs appears that will generate a highly structured
electric field that is not necessarily in phase with the region 1
current-generated electric field pattern.
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6. During storm late recovery and quiet times the model re-
produces a pressure maximum near local midnight, consistent
with the region 2 current generation mechanism described by
Lui et al. [1994] for an earthward pointing pressure gradient.

This analysis raises many questions that should be ad-
dressed. For instance, the FACs will create an electric poten-
tial difference in the ionosphere, particularly on the midlati-
tude nightside where the conductivity is low, which will have
consequences for ionospheric and magnetospheric plasma
flows [e.g., Fejer et al., 1990; Yeh et al., 1991]. It also raises
the issue of the stormtime asymmetry of the magnetic pertur-
bation, and the contributions to this asymmetry from J, and
from the closure current segments. While a number of studies
have examined this with idealized ring current constructions
[e.g., Akasofu and Chapman, 1964; Crooker and Siscoe,
1974, 1981; Takahashi et al., 1991], a rigorous and accurate
calculation for the stormtime ring current has not yet been per-
formed. Yet another concern is the validity of the DPS rela-
tion when the ring current is highly asymmetric. These issues
are presently being explored.
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