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The geopause in relation to the plasma sheet and the
low-latitude boundary layer: Comparison between
Wind observations and multifluid simulations

Q. Li, R. M. Winglee, M. Wilber, L. Chen, and G. Parks
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Abstract. Wind observations during the May 10, 1996 perigee are used in conjunc-
tion with multifluid global simulations to investigate the mixing of magnetosheath-
like plasma and ionospheric plasma in the dawn current sheet. Magnetosheath-like
plasma can play important roles in the formation of the low-latitude boundary layer
(LLBL) and the cold, dense plasma sheet (CDPS) identified previously in Geotail
studies where the magnetosheath component is seen as a low energy component.

The Wind observations show that this cold component can be seen well inside the
nominal position of the magnetopause and even the CDPS, and is most pronounced
near the magnetic equator. This cold plasma provides an important tracer for the
geopause where the dynamics of the region inside the boundary is controlled by

ionospheric plasma and the region outside is dominated by plasma of solar wind

origin. The geopause position in the present case appears be about halfway between
the noon-midnight meridian and the magnetopause. In addition, it is shown that the
cold magnetosheath-like plasma has significant asymmetries between the northern
and southern sides of the current sheet with enhanced cold plasma being observed
in the Northern Hemisphere relative to that seen in the Southern Hemisphere. This
asymmetry which is also seen in the modeling and is associated with the high dipole
(> 20°) tilt during the event which allows enhanced entry of magnetosheath plasma
in the Northern (summer) Hemisphere and enhanced ionospheric plasma outflows in
the Southern (winter) Hemisphere. Flow asymmetries in the particle distributions
that have properties similar to the magnetosheath boundary layer are also observed.
However, the characteristics of the distributions indicate that the flow is between

the LLBL and the CDPS as opposed to the LLBL and the magnetosheath.

1. Introduction

Crossings of the magnetopause show that the region
is characterized by multilayered structures [Paschmann
et al., 1979; Sckopke et al., 1981]. For southward inter-
planetary magnetic field (IMF) the structure of the sub-
solar magnetopause appears to be consistent with that
seen in reconnection models as magnetosheath and mag-
netospheric particles enter the reconnection site from
opposite sides and are accelerated along the magne-
topause current sheet [Paschmann, 1997, and references
therein).

For northward IMF, Song et al. [1990] have shown
that the subsolar magnetopause (as identified by the
current layer there) is associated on occasions with two
distinct boundary layers. The outer boundary identified
by Song et al. [1990] is closest to the magnetopause and
is composed mostly of magnetosheath-like plasma with
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a reduced but nonzero component of magnetospheric-
like plasma. The ratio of the ion to electron temper-
ature is substantially elevated over that seen in the
magnetosheath or in the magnetosphere. In the inner
boundary the density of the magnetosheath-like popula-
tion is substantially smaller, but still of sufficient mag-
nitude that it provides much of the density (of a few
particles per cm3) but the temperature of the plasma
is high and magnetospheric-like plasma predominates.
These plasma structures have been attributed to recon-
nection at high latitudes [Song et al.], 1993.

Fuselier et al. [1997), using Active Magnetospheric
Particle Tracer Explorers/Charge Composition Explorer
(AMPTE/CCE) examined the dayside magnetopause
for structures in the electron distributions above ener-
gies of 50 eV. They showed two transitions as the mag-
netopause is crossed inbound. The first, called the mag-
netosheath boundary layer (MSBL), is associated with
one half of the electron population seen in the sheath
being replaced by a streaming, heated magnetosheath
population. The other half remains unchanged until the
second transition, identified as the low-latitude bound-
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ary layer (LLBL) where it is also replaced by a heated
population, resulting in a symmetric distribution. Be-
cause of the asymmetry in the electron distribution in
the MSBL, the field lines there were thought to be open.

Phan et al. [1997] have shown additional struc-
ture near the dusk magnetopause using Wind data.
They found that the electron parallel temperature is
enhanced across the magnetopause and continues to in-
crease across the LLBL, while the perpendicular tem-
perature of the electrons remains approximately con-
stant. The bulk speed of the plasma in the LLBL
near the magnetopause is similar to that in the mag-
netosheath, and as the spacecraft moves away from the
magnetopause the bulk speed decreases in association
with decreasing plasma density. Phan et al. [1997] used
this smooth variation to suggest that diffusive processes
play a strong role in the formation and dynamics of
the LLBL. The particle distributions, particularly for
the electrons, with their symmetric appearance, suggest
that the LLBL field lines are closed. These conclusions
are similar to those of Williams et al. [1985], who used
ISEE energetic particles on the dawn and dusk mag-
netopauses during periods of northward IMF. However,
they did note that substantial differences between the
dawn and dusk magnetopauses are possible.

Orice the magnetosheath plasma crosses the magne-
topause, there is strong evidence that it can penetrate
deep into the magnetosphere. Fujimoto et al. [1998a,b],
using Geotail data, have shown that cold, dense stag-
nant ions of magnetosheath origin can be seen sev-
eral Earth radii (R.) from the nominal position of the
magnetopause. Quasi-neutrality is provided by elec-
trons, which are presumably of magnetosheath origin
but which have experienced significant parallel heating.
They noted that the cold, dense plasma is not spatially
restricted to a thin layer attached to the magnetopause
(LLBL) but permeates a substantial part of the magne-
totail. Hence they refer to the region not as the LLBL,
but as the cold, dense plasma sheet (CDPS).

The suggestion that the magnetosheath is supply-
ing a significant portion of the plasma observed in the
magnetosphere is not new. Lennartsson [1987, 1992
has shown from ISEE 1 data that the plasma sheet al-
ways has a significant component of He?* ions (indi-
cating a nonnegligible contribution from the solar wind
source). This population was observed to be the largest
during periods of extremely weak geomagnetic activity
when the interplanetary magnetic field (IMF) was per-
sistently northward.

Recent statistical studies have also shown that the
tail density appears to be well correlated with the solar
wind density. Such correlations have been seen both by
Geotail [Terasawa et al., 1997] and by ISEE [Borovsky
et al., 1997]. In both cases the mass loading appears
to be strongest when the IMF is northward, when the
magnetosphere, paradoxically, is expected to be rela-
tively closed.
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However, the ionosphere is also believed to be an im-
portant source of plasma to the magnetosphere [Chap-
pell et al., 1987]. The mixing of the plasmas from the so-
lar wind and ionosphere has led Moore [1991] and Moore
and Delcourt [1995] to propose that within the magne-
tosphere there is a boundary called the geopause, where
the dynamics interior to this boundary is dominated by
ionospheric plasma, and the dynamics in regions out-
side this boundary is dominated by plasma of solar wind
origin. The geopause was envisaged to extend into at
least the midtail region, as suggested by single-particle
tracking [Delcourt et al., 1989, 1993].

More recently, multifluid simulations that separately
track the dynamics of the ionospheric and solar wind
plasmas [ Winglee, 1998a,b] have demonstrated that the
geopause is a physically important region within the
magnetosphere and can be used to identify the charac-
teristics of different regions within the magnetosphere,
including the plasma sheet and LLBL. The geopause
was shown to be highly dependent on the IMF condi-
tions, with the solar wind being the dominant source
of plasma for northward IMF, but during southward

IMF the geopause was seen to increase in both extent
across the tail and down the length of the tail. In addi-

tion, the region where the ionospheric plasma supplied
the bulk of the plasma pressure (i.e., the hot plasma)
could extend well beyond the density geopause. While
the geopause can extend into the midtail region, it ap-
pears to be restricted in y, particularly for northward
IMF, which would be consistent with the observations
described above that note that the sheath appears to
be the dominant source of plasma to the LLBL.

In this paper we investigate the structure of the
LLBL, and the CDPS, and their extensions into the
plasma sheet as seen during a Wind perigee pass that
occurred on May 10, 1996. This pass is particularly
advantageous for this study because there were several
small pressure pulses (AP < 1 nPa) in the solar wind
which appear to cause the current sheet to shift of the
order of 1-2 R,.. As a result, Wind makes several cross-
ings of the current sheet during a 5 hour period. These
crossings then provide sampling of the plasma condi-
tions at the center of the current sheet as a function
of axial distance from the magnetopause, and allow the
identification of the geopause.

It is shown that the Wind data allow the identifi-
cation of a cold, dense plasma component within the
plasma sheet population that is probably of magne-
tosheath origin and which can extend deep into the
magnetosphere. This penetration of cold plasma is also
seen in the global simulations of the event and arises
from high-latitude reconnection that loads terrestrial
field lines with low-energy magnetosheath plasma so
that the subsequent convection of the field lines into
the magnetosphere leads to the deep penetration of
cold plasma. In contrast, the energetic particles ob-
served by Wind are shown to be anticorrelated with
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Figure 1. The position of Wind during the May 10, 1996, perigee pass. The solar wind param-
eters for the event were provided by IMP 8, which was also on the dawnside for the event.

the cold, dense component, and this fact suggests that
the two components have different origins or that there
are substantial changes in the energy characteristics of
the magnetosheath as it circulates around the magne-
tosphere. In the global modeling, the anticorrelation
between the cold, dense component and the energetic
component is produced by the mixing of ionospheric
and magnetosheath plasma. The energetic component
is associated with outflowing ionospheric plasma which
experiences stronger adiabatic heating as it is convected
in z into the current sheet, so that the source of the more
energetic particles lies near the noon-night meridian.

2. Instrument

Data for this study were obtained from the Wind
spacecraft. The three-dimensional plasma and energetic
particle (3DP) experiment is a collection of plasma and
energetic particle detectors. Among them, four solid
state telescopes (SSTs) are used to detect the energetic
particles (60 keV to 7 MeV ions and 26 - 519 keV elec-
trons), while another group of four electrostatic ana-
lyzers (ESA’s) record particles of low and intermediate
energies. The data from these latter instruments are
the focus of this paper.

The electrons are measured by EESA-L and EESA-H
which cover the energy ranges (with overlapping bins)
from 8 eV to 1.1 keV and 30 eV to 27 keV, respec-
tively. The ions are sampled by PESA-L and PESA-H.
PESA-L was designed to measure the solar wind pro-
tons, which are characterized by a narrow range of ve-
locities. Interior of the bow shock, PESA-H provides
the more comprehensive ion measurements due to the

distribution of energy bins. The energy range covered
by PESA-H is between 80 eV and 27 keV.

All of the ESAs have very high intrinsic geometry fac-
tors (10~2cm? sreV for protons and 10~'cm? sreV for
electrons), which are up to 2 orders of magnitude higher
than those on board earlier-generation satellites. In or-
der to prevent saturation by the cold solar wind core,
EESA-L and PESA-L have mechanical attenuators that
reduce their geometry factors by about two orders of
magnitude. A full three-dimensional (3-D) distribution
is obtained every spin period (3 s); however, because
of telemetry limitations, the distributions are averaged
on board over several spins before being telemetered to
the ground. On May 10, 1996, the time resolutions are
51 s for PESA, while for EESA, 3 s distributions are
sent down every 26 s. More details about Wind 3DP
instrumentation are given by Lin et al. [1995]. The
Magnetic Field Investigate (MFI) packet on Wind can
detect three component magnetic fields. The accuracy
of the MFI magnetometers is about 0.080 nT. The mag-
netic field data used here is averaged over 3 s [ Lepping et
al., 1995], which is comparable to the EESA integration
period. Solar wind conditions, including plasma den-
sity, velocity arid IMF, were obtained from data from
IMP-8 which was on the sunward side of the dawn bow
shock at about y ~ 20R..

3. Overview of Observations

The data in this paper were obtained during a perigee
crossing of Wind at the dawnside flank of magnetopause
on May 10, 1996. An interval of 6 hours (1700 - 2300
UT) is studied, during which Wind made several cross-
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Figure 2. The solar wind conditions as observed by IMP 8. Interplanetary magnetic field (IMF)
B, and B, were approximately constant for the event, while IMF B, was initially strongly
northward at about 5 nT for the first 1.5 hours, followed by a 50 min period of southward
(-2 nT) IMF, and then remained on average near zero until about 20 min prior to the Wind
magnetopause crossing at 2200 UT. At this time it turned strongly northward. The solar wind
density was approximately steady for the first 1.5 hours, in association with the period of strong
northward IMF. The density then on average increased by about 50% over the next 3 hours, but

the increase was not monotonic.

ings through the dawn plasma sheet. The position of
Wind during the interval is shown in Figure 1 relative
to the nominal positions of the bow shock and magne-
topause. At 1700 UT, Wind was inside the magneto-
sphere at (x,y,z) = (-12,-12,-2) R, (GSM) and crossed
the magnetopause at about 2200 UT at (-8, -17,-6) R..
The dipole tilt for this period was fairly high, ranging
from about 29° to 19°. This large tilt will be impor-
tant later in explaining some of the asymmetries seen
between the Northern and Southern Hemispheres.

The solar wind parameters for the event were pro-
vided by IMP 8 and are shown in Figure 2. IMP was
a few Rg sunward of the dawn bow shock at y ~ —30
Rg. The z component of the IMF was primarily in
the antisunward direction, while IMF B, was primarily
in the dusk direction. IMF B, was northward for the
period between 1700 and 1824 UT, southward for the
next hour, and then near zero until about 20 min be-
fore the magnetopause crossing at 2200 UT, when IMF
B, became strongly northward with about 5 nT field
strength.

The solar wind speed was approximately constant at
about 340 km s~!. The density, on the other hand, was

on average increasing from about 9 cm™2 to 15 cm™3.

However, the increase was not smooth but instead con-
tained several small bursts where the density increased
by about 20-50%. At first glance it might be assumed
that these pulses are insignificant. Certainly, the nom-
inal position of tlie magnetopause is not expected to
change by more than an R, for these solar wind condi-
tions [e.g., Roelof and Sibeck, 1993; Elsen and Winglee,
1997]. However, we will show in the following sections
that they are associated with Wind crossing the cur-
rent sheet and observing a plasma with substantially
different bulk properties.

4. Four Regions

The ion data from PESA-H (80 eV to 27 keV) are
shown in the energy spectrograms in Plate 1. The
data have been split into sunward, duskward, tailward
and dawnward components respectively. The magne-
tosheath crossing at 2200 UT is marked by a period of
high ion fluxes moving in the tailward direction at en-
ergies of a few keV. The magnetopause is also marked
by the perpendicular temperature in both the ions and
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electrons increasing above the parallel temperature (see
also Plate 3). There are three other times (1930, 2130,
and 2150 UT) when high ion fluxes are also seen. These
later times can be ruled out as magnetopause crossings
based on the specific characteristics of the particle dis-
tributions (discussed later), including the fact that they
do not show the same jump in perpendicular tempera-
ture.

The most striking feature of Plate 1 is that low-energy
(< 1 keV) ions are seen almost throughout the entire
period. The main times when this low-energy compo-
nent almost vanishes are 1730 - 1830 UT and around
2055 and 2105 UT. We shall refer to these regions as
the “plasma sheet” which is consistent with existing lit-
erature but may not be an accurate description of the
true nature of the plasma.

The corresponding electron spectrogram from EESA-
L is shown in Plate 2. The electron data below about
13 eV contain photoelectrons, particularly when Wind
is in the magnetosphere. The data in this energy range
are neglected in the following, which means that in cal-
culating densities it is possible that not all the parti-
cles have been fully accounted for. It is seen that the
high-density ion events at 1930, 2130, and 2150 UT are
accompanied by enhanced fluxes of low-energy (< 300
eV) electrons. However, in comparing the characteris-
tics of these electrons with those in the magnetosheath
proper, it is seen that these electrons extend well be-
yond the 100 eV sheath electrons. This feature is one of
several which indicates that these high-density regions
are not due to multiple crossing of the magnetopause
but represent physically distinct regions. )

The second feature is that even excluding the high-
density regions, large fluxes of low- to moderate- en-
ergy (< 40 eV) electrons are seen throughout much of
the event. This population lies at intermediate energies
between that seen in the magnetosheath (< 100 eV)
and that seen in the “plasma sheet” (> 100 eV). These
intermediate electrons will be shown to be similar to
the electrons identified by Fujimoto et al. [1998a,b] as
heated magnetosheath electrons.

The bulk parameters corresponding to the data in
Plates 1 and 2 are shown in Plate 3. By inspection
four distinct regions can be identified: (1) the mag-
netosheath with a density of 20 - 30 cm™3, a low ion
temperature (< 100 eV), a low electron temperature of
< 20 eV, and tailward bulk velocity > 200 km s~!; (2)
LLBL with an intermediate density (2 - 20 cm™3), inter-
mediate temperature (ions between 100 to 1000 eV) and
bulk velocity of 0 - 200 km s~*; (3) CDPS with moder-
ate densities of 0.6 to 2 cm™2, ion temperatures of 1000
to 2000 eV, with significant temperature anisotropies in
electron parallel and perpendicular temperatures; and
(4) the “plasma sheet” with low density of < 0.6 cm ™3,
high ion (> 2000 eV) and electron (> 300 V) temper-
atures, with little anisotropy in the electron tempera-
tures.
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This ordering of regions becomes clearer if the data
are plotted as a function of density [cf. Phan et al.,
1997] as in Figure 3. These regions closely resemble
those seen in other case studies of magnetopause cross-
ings [e.g., Paschmann et al., 1979; Sckopke et al,, 1981;
Phan et al., 1997; Fujimoto et al., 1998a,b]. An alterna-
tive nomenclature might be that the LLBL and CDPS
may be equivalent to the outer and inner boundary lay-
ers as identified by Song et al. [1990, 1993], or the
CDPS may be related to the “halo” region identified by
Sckopke et al., [1981].

The bulk parameters as ordered by time in Plate 3
might suggest that the four regions are spatially sep-
arate regions, while ordering the data with respect to
density in Figure 3 suggests that there is a smooth tran-
sition between the regions. In the later case, it is plausi-
ble to argue that the four regions represent a continuous
radial change in conditions as the magnetopause is ap-
proached. We argue in the following section that this
picture is an oversimplification, and possibly mislead-
ing, because it does not take into account variations in
height (or z) from the center of the current sheet.

5. Current Sheet Crossings Induced by
Pressure Pulses

The origin of the large density enhancements seen in
the tail can be identified by comparing the solar wind
dynamic pressure as observed by IMP 8 with the mag-
netic field components as observed by Wind, as shown
in Figure 4. We make the standard assumption that if
we are inside the magnetopause and B, vanishes then
the center of the tail current has been encountered. The
first set of crossings occurs around 1730 UT.

There are an additional six current sheet crossings
starting around 1930 UT. Comparison with the solar
wind dynamic pressure indicates that each of these six
crossings is preceded by a solar wind pulse about 20
min earlier. The fact that the effects from individual
pressure pulses can be seen is surprising since the pulses
represent only small changes in total pressure (of the
order of 1 nPa), but which correspond to a moderate
20 - 50% change in relative amplitude.

Figure 5 correlates the changes in the tail density
with the strength of the tail B,. The densities have
been computed for two energy ranges. It is seen that the
appearance of the high-density components is due to an
increase in low-energy ions, while at the same time the
density of the high-energy component décreases. This
is also true for electrons (not shown).

Nearly all the high-density regions in Figure 5 are as-
sociated with the crossing of the current into the North-
ern Hemisphere (i.e., B, going from predominantly neg-
ative values to zero on average ér positive). The impli-
cation is that the Northern Hemisphere which is tilted
toward the Sun, experiences more mass loading from
the solar wind than the Southern Hemisphere.
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Figure 3. Correlation of bulk parameters with ion den-
sity, with V,,, being the velocity parallel to the boundary
and V,, being the normal velocity. This gives an order-
ing of the data similar to Phan et al. [1997] seen in
other magnetopause crossings.

The current sheet crossings provide us with addi-
tional key information since they can be used to re-
move ambiguities associated with z dependences from
the center of the current sheet. The bottom panel of
Figure 5 shows the variation of density as a function of
radial distance for the current sheet crossings (as de-
fined by | B, |< 0.5 for an average of 51 s, which is
the ion integration time). The density has been divided
into high-energy (0.4 to 27 keV) and low-energy (0.08
to 0.4 keV) components.

The density of the low-energy component in the vicin-
ity of the center of the current sheet is seen to increase
monotonically as the magnetopause is approached. This
suggests that this plasma is of magnetosheath origin
and that the density variations seen in the data may
actually be due to variations in both z and axial dis-
tance. Moreover, the large extent of the observations
over some 6 Rg can be used to rule out the possibility
that they are due to the magnetopause moving back and
forth across the spacecraft position; the magnetopause
motion for the size of these pressure pulses is expected
to be less than 1 Rg.
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In contrast, the density of the energetic ions decreases
monotonically toward the magnetopause, and hence is
anticorrelated with the low-energy magnetosheath-like
plasma. These observations suggest that the energetic
plasma in the current sheet is either derived from a dif-
ferent source (e.g., of ionospheric origin) or it is mag-
netosheath plasma which has been accelerated to high
energies somewhere within the magnetosphere. In par-
ticular, the density profile of the energetic ions sug-
gests a source toward the noon-midnight meridian as
opposed to the magnetopause. An ionospheric source
for the energetic ions would provide the simplest expla-
nation for a source centered around the noon-midnight
meridian. Nevertheless, recirculation of magnetosheath
plasma within the magnetospliere cannot be directly
ruled out as the source. Both hypotheses can be tested
with the simulations in section 7.

6. Relationships Among the Four
Regions

The relationships among the different regions can be
seen through a study of the particle distributions of the
different regions as illustrated in Plate 4. The top row
shows examples of the electron distributions as mea-
sured by EEAS-H (80 eV to 27 keV), while the second
row shows the distributions as measured by EEAS-L (15
eV to 1 keV). The 15 eV lower energy limit is indicated
by the black circles in the distribution functions.

The bottom panels shows the ion distributions as
measured by PESA-H (80 eV to 27 keV). The 80 eV
lower limit is indicated by the black circle. All dis-
tributions are shown in the convecting plasma frame,
that is, in which the average perpendicular velocity has
been subtracted. This frame, as opposed to the plasma
frame, is chosen so that the presence of any low-energy
component in the magnetosphere would be more easily
distinguished from the one count statistics if the plasma
has a nonzero flow. In the magnetosheath the flow is
primarily perpendicular to the magnetic field so that the
convecting frame and the plasma frame are essentially
the same. The plus in each of the panels represents the
velocity shift between the spacecraft frame and the con-
vecting frame. The time histories of the plasma density
and magnetic field are shown in the third row and can
be used to identify the time period and bulk parameters
of the regions being sampled. '

The magnetosheath electrons (2210 UT) are approx-
imately isotropic, while the ions show a perpendicular
anisotropy as well as enhanced energetic fluxes in the
field-aligned direction. The latter component is due to
shock-accelerated particles and/or leakage.

The LLBL ion distribution, similar to the magne-
tosheath distribution, has a significant low-energy com-
ponent but differs in that the energetic component now
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Figure 4. (a)Time history of the solar wind dynamic pressure as observed by IMP 8 and (b-d)
the magnetic field components as observed by Wind. It is seen that several of the pressure pulses
or local peaks in the dynamic pressure are correlated with Wind’s crossing the current sheet from
the south and/or moving deeper into the northern side of the current sheet, as evidenced by B,
changing from negative values to zero or to more positive values.

appears more isotropic. The ions have a perpendicular
drift to the magnetic field of about 100 km s~!. The
electrons show a similar mix of low- and high-energy
components, with the low-energy component having a
weak parallel temperature anisotropy. Relative to the
LLBL, the CDPS ions have a reduced density in the low-
energy component, and an increased density in the en-
ergetic component. The electrons have a similar trend,
but the low energy component has an enhanced parallel
temperature anisotropy. This anisotropy is the same as
seen by Fujimoto et al. [1998a,b] and was interpreted as
a marker for the presence of magnetosheath-like plasma.

Moving to the “plasma sheet”, the density of the ener-

getic component appears approximately constant, and -

the electrons extend to evern higher energies. However,
there are cold magnetosheath-like components in both
the ions and electrons that are still evident, albeit at
substantially reduced densities relative to the LLBL. As
discussed later, the densities of the cold component may
appear small due to the z displacement of the spacecraft

away from the center of the current sheet and because
large densities of cold plasma can still be present near
the center of the current sheet.

The changes in the properties of the cold component
are illustrated in Plate 5, which compares the distribu-
tions from the LLBL regions with those from the magne-
tosheath. The LLBL distributions closest to the sheath
(i.e., at 2150 UT) show substantial flow anisotropies.
Flow symmetries are also seen in the ion and electron
distributions at 2132 UT, albeit to a weaker extent. The
LLBL distributions at 1932 UT are symmetric for the
electrons and ions. Thus even though the region has a
very high density of nearly 10 cm™3, the data indicate
that the region is well away from the magnetopause,
since no flow asymmetries are observed. The distribu-
tions associated with the other density spikes are also
symmetric, indicating that the cold, dense plasma can
be seen on possibly closed field lines well inside the mag-
netopause.

There are two tests that can be made on the particle
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Figure 5. Density of the ions and electrons split into low-energy (solid line) and high-energy

components (dashed line).

The densities of the two components appear anticorrelated. The

density of the low energy component appears well correlated with current sheet crossings (B, ~ 0)
or excursions into the northern current sheet (B, > 0). The densities determined from the current
sheet crossings are well correlated with radial distance, with the cold and energetic components
have opposite slopes, indicating different sources for the two populations and suggesting that
much of the observed temporal changes may be due to z variations as opposed to true structures.

distributions to determine whether the cold plasma seen
in the above distributions is of magnetosheath origin.
First, we tested whether the asymmetric distributions
can be reconstructed using distributions from adjacent
regions. This test is illustrated in Figure 6 where the
top panels show the EEAS-L electron distribution from
the LLBL at 2133 UT (Figure 6a) and the cold dense
plasma sheet (Figure 6b) at 1910 UT. If one adds the
right hand side of Figure 6a to the left hand side of Fig-
ure 6b with a ratio of 1 to 0.4, the composite electron

distribution of Figure 6c¢ is attained, suggesting possible
flow between the two regions. The composite distribu-
tion shows many of the features of the observed distri-
bution as displayed in Figure 6d. Similar constructions
can be used to account for the ion distributions at this
time. ‘

Paradoxically, the distributions with flow asymme-
tries cannot be reconstructed from a superposition of
LLBL and magnetosheath distributions. The magne-
tosheath distributions do not have sufficient flux of
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Figure 6. Reconstruction of the asymmetric EESA-L distribution by the superposition LLBL

and CDPS particle distributions.

high-energy electrons on the magnetosheath side and
the LLBL distributions do not have a sufficient paral-
lel temperature anisotropy to produce the correct form
of the flows of the magnetospheric side. Thus while
the distributions have many of the properties of the
MSBL as identified by Fusilier et al. [1997], including
the proximity to the magnetopause in the time history,
the present results are consistent with an open field line
that passes through the CDPS and LLBL and eventu-
ally to the magnetopause. However, since the CDPS
and LLBL regions are involved, as opposed to the LLBL
and magnetosheath regions, the spatial position of these
open field lines must be significantly inside the magne-
topause.

The second test is an examination of the possible ori-
gin of the low-energy component in the “plasma sheet.”
For this test a similar reconstruction method was used.
Plate 6 shows the cold component is a permanent fea-
ture of the “plasma sheet” where four sample distribu-
tions from the different “plasma sheet” regions as iden-
tified by the bulk parameters in Plate 3 are presented.
Even though the total period covered in the above sam-
ple is about 3.5 hours, the cold ion component is seen
to be present in all four distributions, and is associated
with low energy electrons which have a parallel temper-
ature anisotropy.

We then took a representative “plasma sheet” ion dis-
tribution (specifically, an average between 1800:31 and
1805:35 UT) and removed the low-energy component by
making the distribution flat at speeds less than 1000 km
s~!. To this flattened distribution we added different
percentages of the CDPS distribution observed at 1914
UT. The results of this superposition are shown in the
bottom row of Figure 7. We repeated the process for
the electrons, but flattened the electron distribution at
velocities below 18,000 km s~!. The resultant electron
distributions are shown in the top two rows of Figure 7.

As can be seen, the initial electron distribution, as
well as those in Plate 6, can be reproduced by this su-
perposition of distributions with between 5% an 10% of
the CDPS population added to the high-energy com-
ponent seen in the “plasma sheet.” For the ions a
slightly higher percentage between 10% and 20% has
to be added.

The fraction needed to make up the low energy com-
ponent is consistent with the fraction determined from
the bulk parameters in Plate 3. The higher percentage
required for the ions could possibly be due to the elec-
trons having a higher loss rate with their higher speed
or mobility along the field lines and their precipitation
into the ionosphere. Alternatively, the ratios may be
different due to local heating or loss processes which
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Figure 7. Reconstruction of the plasma sheet populations in Plate 6 using the plasmas sheet
populations with no cold present and adding CDPS populations at the given percentages. The
cold component seen in the plasma sheet is consistent with the presence of cold magnetosheath

plasma deep within the magnetosphere.

are not taken into account by a simple superposition.
In either case the cold component is consistent with
the presence of plasma of magnetosheath origin. The
hot or energetic component appears to have a different
origin and history within the magnetosphere since its
properties are anticorrelated with the magnetosheath
component.

7. Multifluid Simulations

An understanding of the above can be developed
through the use of global multifluid simulations where
the flow of the ionospheric plasma and solar wind plasma
into the magnetosphere are tracked separately. The
model is the same as used by Winglee [1998a,b] to iden-

tify the position of the geopause. Specifically for the
electrons, it is assumed that they have sufficiently high

mobility along the field lines so that they are approxi-
mately in steady state or drift motion (dV /dt = 0), so
that the electron momentum equation reduces to

V.x B VP,
+— =
c ENe

E

0. 1)

Equation (1) is equivalent to the modified Ohm’s law
with Hall and grad P corrections included. The rest
of the electron dynamics are given by assuming quasi-

neutrality, and applying the definitions for current, and
electron pressure, that is,

n; J c
mzzy% W:Zb;“‘m; J=VxB
(2)
oP,
T ®3)

The ion dynamics are attained by substituting the
modified Ohm’s law (1) for the electric field in the ion
momentum equation, which gives

= AV (BV.)+(y~1)V. VP, .

dVja No
Pa=g— = —(VPa) — E(Vpe)u , (4)
dVia en (VaxB_ EVZ-XB)
P dt e —~ N ¢
Neg ,J X B
+ 222 (WP - (VR )

where the || and L subscripts indicate components par-
allel and perpendicular to the magnetic field, respec-
tively. For a plasma with a single ion component, (5)
reduces to the MHD momentum equation.
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To remove high-frequency cyclotron oscillations, the
different ion species are assumed to have the same drifts
across the magnetic field, that is,

V= Zpi Vii/ Zpi . (6)

This approximation is the same as assumed in MHD,
and is equivalent to assuming that the convective drifts
are much larger than the gradient B drifts. For the cal-
culated bulk temperatures (< 10 keV), this assumption
is true for the majority of the plasma, but the particles
in- the tail of the distribution can have significant gra-
dient B drifts, particularly in the inner magnetosphere.
Assuming (6) the velocity of the perpendicular ion flow
is given by

z:pa%.i = (J >; B — (VPE)J_) - Z(VPa)L ) (7)

where

oP,
ot

The above equations are solved using a two-step Lax-
Wendroff differencing scheme [Richtmyer and Morton,
1967] with Lapidus smoothing on plasma properties
only. The latter is required to remove unphysical grid
point oscillations across sharp discontinuities such as
the bow shock. A high grid resolution of 0.3 Rg is used
in the near-Earth region around Wind for —6 < =z <
—30 Rg, -3 <y <20 Rg,and -7.5 < z <5 Rg GSM
system. The grid spacing then increases as one moves
outward, to 0.6 Rg in the dayside and midtail regions,
and to about 3 R in the distant tail at  ~ 200R, and
at the flanks at +60REg.

The inner radius of the simulations is set to 3 Rg.
A plasma with a density of 400 cm™3 is placed around
the inner radius. This plasma represents the plasmas-
pheric/ionospheric source. The initial profile is assumed
to decrease as R~%. Owing to the interaction with the
solar wind, the plasma profile can be distorted from
this initial profile, but the inner boundary density is
held fixed. The plasma that goes to form the magne-
tosphere must either come from this low-altitude (iono-
spheric) source or from the solar wind source.

The simulations are first run for 2 hours real time
with the solar wind conditions at 1700 UT to estab-
lish a magnetosphere in approximate equilibrium. The
observed solar conditions are then used to drive the sys-
tem. ' :

In order to show the position of the Wind spacecraft
relative to the plasma sheet, the top panels in Plate
7 show cross-tail cuts in the total plasma pressure as
view from the tail. The right-hand panels show a close
up of the region near Wind. The overall configuration
seen in the total pressure plot is very similar to that
in MHD simulations, where the high-pressure regions

==V (PaVa)+(y=1) Vo VP . (8)

LIET AL.: THE GEOPAUSE, PLASMA SHEET, AND LLBL

representing the magnetosheath and plasma sheet form
a theta, with the two low-pressure regions representing
the northern and southern lobes. The classical picture
from MHD is that the region interior to the magne-
topause is the LLBL, and that interior to this region is
the plasma sheet.

The multifluid treatment shows that this classical pic-
ture is oversimplified because there is substantial mix-
ing of the plasmas from the solar wind and ionosphere
over key regions within the magnetosphere that are well
away from the magnetopause. To show the extent of
the mixing region, the lower panels of Plate 8 show
the relative contributions from the solar wind and iono-
spheric sources to the total plasma pressure. Regions
with a relative pressure > 50% are supported primarily
by ionospheric plasma, while regions where the rela-
tive pressure is below 50% are primarily supported by
the solar wind plasma. It is seen that at the location of
Wind at 1700 UT the total plasma pressure is supported
by almost equal amounts of solar wind and ionospheric
plasmas. In other words, the Wind position at this
time corresponds to the pressure geopause [cf. Winglee,
1998a)] and is several Rg from the magnetopause.

The corresponding density profiles are shown in Plate
8. Owing to the predominantly positive IMF B,, there
is preferential penetration of the solar wind plasma from
the dawnside of the plasma sheet. This plasma is seen
in the simulations to be relatively cold, with a tem-
perature of about 80 eV. This cold plasma is able to
penetrate several Rg from the magnetopause and is,
in fact, the dominant contribution to the density dawn
current sheet as seen in Plate 8c. The density from
the ionospheric source is at a local maximum in the
vicinity of Wind. The plasma also tends to be hotter
than the magnetosheath plasma, with a temperature of
about 200 eV. The density of these components is ap-
proximately equal in the vicinity of Wind at this time,
indicating that the spacecraft is also near the density
geopause, which would account for the approximately
equal amounts of low- and high-energy plasma seen by
Wind. In addition, the density of the energetic (iono-
spheric) component seen in the model decreases toward
the magnetopause, and the cold (magnetosheath) com-
ponent increases, consistent with the Wind observa-

tions.
Another feature in the density profiles that is con-

sistent with the Wind data is that the density of cold
plasma in the Northern Hemisphere near Wind is sub-
stantially enhanced over that seen in the Southern Hemi-
sphere. This asymmetry can account for the fact that
Wind sees the highest densities on crossing from the
southern current sheet (negative B;) to the northern
current sheet (positive By).

This differential penetration of sheath plasma in the
northern dawn sector is due to the high dipole tilt
(> 20°) where the Northern Hemisphere is pointed
to the Sun and to the presence of a relatively strong
duskward component in the IMF. As such, the solar
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Plate 8.  The relative contributions to density at 1700 UT. The ionospheric source domi-
nates the central regions of the current sheet, with Wind at this time being near the density
geopause, consistent with the Wind data showing equal densities of cold, magnetosheath-like
plasma and hot plasma. In addition, the results show preferential penetration of sheath plasma
in the northern-dawn sector of the current sheet and show that this plasma can penetrate deep
into the magnetosphere, albeit at reduced densities.
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(a) UT = 1800

(-40,-24,0)Re
(18,24 .0)Re (-40,24,0)Re
(b) UT = 2000

* Fid Ln
@ Wind

— y+1.2Re

\'.

= y-1.2RHe

(18,24,0)Re (-40,24 0)Re

Plate 11. Mapping of the field lines derived from the model. Different positions at +1.2 Rg are
given to show possible variations due to model uncertainties.. The model indicates that Wind
should be on closed field lines for much of the event, except as the magnetopause is approached
when open field lines are encountered before attaining the magnetosheath proper, consistent with
the observed particle distributions. The presence of magnetosheath plasma at Wind required
entry via open field lines and its subsequent closing of these field lines as they convect into the

magnetosphere.
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wind plasma has easier direct entry into the Northern
Hemisphere. Due to the duskward IMF, reconnection
tends to occur on the dusk flank, and the newly re-
connected field line, which is attached to the Northern
Hemisphere, is draped over the north dawn sector in the
tail, leading to preferential magnetosheath mass in this
region. On the other hand the Southern Hemisphere
(including the southern cusp) is in the wake of the Earth
so that the solar wind plasma has less access to the re-
gion. As such, the ionospheric plasma is preferentially
drawn outward leading to preferential ionospheric mass
loading of the southern (winter) hemispheric section of
the tail.

As noted by Winglee [1998a,b], the position of the
geopause is very sensitive to the solar wind conditions.
The evolution of the pressure geopause is illustrated in
Plate 9. The top panels show the total plasma pres-
sure with the high-pressure regions representing the
plasma sheet, while the bottom panels show the relative
pressure with the dashed line indicating the pressure
geopause. During the event, the plasma sheet pressure
is seen to increase on average. This increase is corre-
lated with the increase in the dynamic pressure of the
solar wind as seen in Figures 2 and 5. At the same time
the pressure geopause is seen to retreat away from the
magnetopause [cf. Winglee, 1998a,b].

The origin of some of the variations seen in the Wind
data can be identified in the middle panels which shows
B, as observed by Wind (blue line), as derived by
the model at the nominal Wind position (green dashed
line), and at a position shifted by 1.2 Rg toward the
dusk (red dashed line). The size of this 1.2 Rg shift rel-
ative to the size of the current sheet is indicated by the
lines drawn through the point representing the Wind
spacecraft position. It is seen that even with just a
1.2 Rg shift in position, a substantial change in the
observed B, is produced due to the proximity of the
spacecraft to the center of the current sheet. In partic-
ular, the model at the nominal Wind position predicts
that it crosses the current sheet probably an hour too
early. The shift of 1.2 Rg is seen to give a better fit
to the observations. Note that the observed fields lie
essentially between the two curves so that the motion
of the current sheet produced by the solar wind pres-
sure pulses could be accounted for by shifts in the sheet
position by about an Rg.

The corresponding changes in the density contribu-
tions from the solar wind and ionospheric sources are
shown in Plate 10. The enhanced intrusion of cold
plasma from the magnetosheath is clearly seen in the
top panels. In addition, though, there is also enhanced
ionospheric plasma flowing into the tail causing the den-
sity geopause to actually move closer to a magnetopause
as indicated by the dashed lines in top and bottom pan-
els. Despite this motion it is seen on comparing Plates
7 and 9 that the density geopause lies closest to the
spacecraft at 1700 UT.
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The middle panel of Plate 10 displays the evolution
of the two density components at the nominal Wind po-
sition. The density of the ionospheric component shows
the same trend as the high-energy component seen by
Wind, decreasing as the magnetopause is approached.
The model results differ in that they are typically a
factor of 2 higher.

The density of the magnetosheath component agrees
well with the low-energy component seen by Wind, par-
ticularly after 1900 UT. An important discrepancy be-
tween the model results and Wind is that the model
overpredicts the presence of cold plasma between 1700
and 1900 UT. There are two possible explanations for
this discrepancy. The first is that the Wind instru-
ment only measures ions to down to 80 eV, whereas the
model results indicate that the plasma temperature is
only about 60 eV in this region. In this case the Wind
instrument would not observe a significant fraction of
the distribution present. An alternate explanation is
that the fluid description assumes Maxwellian distribu-
tions which are only adiabatically heated, whereas the
actual particles may undergo strong wave-particle heat-
ing as the two populations interact. Such heating might
produce the same total plasma pressure with fewer par-
ticles. This discrepancy can only be resolved with par-
ticle measurements at lower energies and full particle
models.

The presence of significant amounts of magnetosheath-
like plasma on a magnetospheric field line is sometimes
used as evidence that the field line is open. In order to
test this hypothesis, the field line mapping the vicinity
of Wind is displayed in Plate 11. In each panel, closed
field lines are shown in purple while the instantaneous:
field line through Wind is shown in orange. For esti-
mates of potential errors, field lines Ay = +1.2 Rg are
shown in green and magenta. Projections of these field
lines into the equatorial plane are shown superimposed
on contours of the total plasma pressure in the bottom
section of each panel. The instantaneous direction of
the IMF is indicated by the red arrows. It is seen that
at both the nominal Wind position and Ay = +1.2 Rg
(which gave the better fit for the observed magnetic
field) the field lines are closed until the magnetopause
is approached at 2200 UT. This result is consistent with
the symmetric ion and electron distributions observed
by Wind until the MSBL, which is seen shortly before
the magnetopause crossing at 2200 UT.

8. Summary and Conclusions

The evolution of the different plasma populations
within the current sheet has been investigated using
observations from the Wind 3-D plasma and energetic
particle experiment during the perigee pass of May 10,
1996. During this pass the Wind spacecraft makes sev-
eral current sheet crossings that enable the evolution of
the current sheet populations to be evaluated as a func-
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tion of axial distance from the magnetopause without
ambiguities introduced by the z distance from the cen-
ter of the current sheet. The data were then compared
with the structure of the tail determined from multi-
fluid simulations which are able to identify the sources
(either ionospheric or solar wind) that compose the key
regions of the magnetosphere. The evolution derived
from the simulations appears to give a natural explana-
tion of the observed evolution with the main conclusions
being the following:

1. The low-energy ion density at the center of the cur-
rent sheet increases smoothly with radial distance and
is probably of magnetosheath origin. The high-energy
component decreases monotonically, indicating that it
has a different source, presumably the ionosphere, or
that the particles are undergoing energization near the
noon-midnight meridian. The crossover point where the
densities of these two components are approximately
equal could well represent the geopause and lies about
5 R, from the magnetopause in the present study.

2. Owing to pressure pulses in the solar wind, Wind
was able to sample the plasma on opposite sides of the
current sheet several times during the pass. The data
show an asymmetry between Northern and Southern
Hemispheres, with higher densities being present in the
Northern Hemisphere. This asymmetry is also seen in
the model and appears to be due to the high dipole tilt
that was present during the event.

3. The cold, dense plasma sheet as identified by Fugi-
moto et al. [1998a,b] is seen to penetrate deep into the
magnetosphere (at least 5 R, from the magnetopause)
and is likely to be of magnetosheath origin.

4. Bidirectional electron distributions which have of-
ten been considered evidence for closed field lines ap-
pear to be correlated with the entry of cold, magneto-
sheath-like plasma. The magnetic field mapping derived
from the modeling is consistent with this picture.

5. The modeling also shows that the cold magneto-
sheath-like plasma can penetrate well beyond the 5 R,
attributed to the CDPS, so that the actual plasma sheet
is invariably a mixture of ionospheric plasma and the
magnetosheath plasma. The more energetic particles
in the tail appear in the model to be produced near the
noon-midnight meridian (and of seemingly ionospheric
origin), and this spatial dependence can account for the
anticorrelation of the energetic particles with the cold,
magnetosheath-like plasma seen in the observations.

6. The magnetosheath-like plasma that is observed
deep within the magnetosphere is seen to have in most
cases a symmetric distribution, indicating that these
plasma components are on possibly closed field lines
but distributions which have flow asymmetries similar
to those reported for the MSBL are also seen; however,
in the present case the flow appears to be between the
LLBL and CDPS. The modeling shows that the entering
magnetosheath plasma can be on closed field lines. The
entry process is thereby produced by high-latitude re-
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connection and the subsequent convection of the plasma
into the magnetosphere [cf. Winglee, 1998a,b].

7. Motions of the geopause need not be correlated
with those of the magnetopause so that changes in the
relative plasma populations should not be taken to in-
dicate proximity to the magnetopause.
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