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This study uses Global magnetohydrodynamic (MHD) simulations driven by
solar wind data along with Geotail observations of the magnetotail to investi-
gate the magnetotail’s response to changes in the interplanetary magnetic
field (IMF); observed events used in the study occurred on March 29, 1993
and February 9, 1995, For events from February 9, 1995, we also use the
time-dependent MHD magnetic and electric fields and the large-scale kinetic
(L.SK) technique to examine changes in the Geotail ion velocity distributions.
Qur MHD simulation shows that on March 29, 1993, during a long period of
steady northward IMF, the tail was strongly squeezed and twisted around the
Sun-Earth axis in response to variations in the IMF B, component. The
mixed (magnetotail and magnetosheath) plasma observed by Geotail results
from the spacecraft's close proximity to the magnetopause and its frequent
crossings of this boundary. In our second example (February 9, 1995) the
IMF was also steady and northward, and in addition had a significant B, com-
ponent. Again the magnetotail was twisted, but not as strongly as on March.
29, 1993, The Geotail spacecraft, located ~30 R downtail, observed highly
structured ion distribution functions. Using the time-dependent LSK tech-
‘nique, we investigate the ion sources and acceleration mechanisms affecting
the Geotail distribution functions during this interval. At 1325 UT most ions
are found to enter the magnetosphere on the dusk side earthward of Geotail

~with a secondary source on the dawn side in the low latitude boundary layer

“(LLBL). A small percentage come from the ionosphere. By 1347 UT the
majority of the ions come from the dawn side LLBL. The distribution func-
tions measured during the later time interval are much warmer, mainly be-
cause particles reaching the spacecraft from the dawnside are affected by
nonadiabatic scattering and acceleration in the neutral sheet.

1. INTRODUCTION the interaction of the solar wind with"Earth’s magneto-
_ - ’ sphere. These models have used as input various idealized
Over the past two decades, researchers have developeda  solar wind conditions (e.g., where the IMF B, is constant
pumber of global magnetohydrodynamic (MHD) models of  and northward or southward) to study the principal features
' of its coupling with the magnetosphere [Leboeuf et al., "
1978, 1981; Lyon et al., 1981; Brecht et al., 1982; Ogino”

New Pelrspectives on the Earth’s Magnetotail : et al., 1984, 1985]. The actual state of the magnetosphere
Geophysical Monograph 105 is far from being a simple superposition of idealized states
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the magnetosphere’s internal evolution prevents it from re-
sponding in a simple, linear way to changes in the solar
wind. Instead it is influenced by the history of the solar
wind. While the solar wind varies on a time scale of min-
utes, the magnetosphere’s internal evolution can take many
hours to relax to a steady state. Consequently, in order to
produce realistic configurations, it is necessary to use actual
data from spacecraft located upstream in the solar wind as
driving input to our models. Indeed recent MHD simula-
tions with real data input can reproduce many of the
changes in the global configuration of the magnetosphere
[Frank et al., 1993; Raeder et al., 1997a, b, Berchem et
al., 1997a, b].

One of the goals of magnetospheric physics has been to
understand the transport of plasmas through the solar wind-
magnetosphere-icnosphere system. To attain such an un-
derstanding, it is necessary to determine the sources of
plasmas, their trajectories through the magnetospheric elec-
tric and magnetic fields to the points of observation and the
acceleration processes they undergo en route. There are too
few spacecraft in the magnetosphere at any given time to
make using observations alone an effective method of study-
ing transport through the entire system. However, theory
and modeling can be used to augment the available obser-
vations.

In this paper we detail an approach in which theory and
numerical simuiations are used in concert with observations
to study plasma transport through the magnetospheric sys-
tem. This approach is based on a global magnetohydrody-
namic (MHD) simulation of the interaction between the so-
lar wind and the magnetosphere which employs observed
solar wind and interplanetary magnetic field (IMF) parame-
ters to determine the solar wind boundary conditions and
models the time-dependent response of the magnetosphere
to the changing solar wind. We carefully calibrate the
MHD model by comparing the fields and plasma moments
from the model with observations within the magneto-
sphere, and when we are convinced a model is sound we
use it to delineate plasma transport.

The MHD models yield a picture of the overall configu-
ration of the magnetosphere and bulk transport, but the
MHD paradigm neglects important physics such as particle
drift motion. Magnetospheric observations show that
plasma distribution functions are not simple thermal distri-
butions. Instead they are frequently highly structured and
complex [Frank et al., 1995; Ashour-Abdalla et al., 1996],
and encoded in this complex structure is information about
the transport and acceleration of the plasmas. We have de-
veloped a version of the large-scale kinetic (LSK) code
[Ashour-Abdalla et al., 1993] to extend the capability of
MHD models by determining the history of the particles in
the measured distribution functions. Starting from an ob-
served distribution function we follow the trajectories of

thousands of ions backwards in time through the electric
and magnetic fields as determined from the corresponding
MHD calculation [El-Alaoui et al., 1995; Ashour-Abdalla
et al., 1997}

We apply this approach first to study the “quiet” mag-
netosphere when the IMF is northward for an extended pe-
riod of time. Although the magnetosphere is less dynamic
during intervals of northward IMF the magnetic configura-
tion is still very complex. Observational, theoretical and
simulation studies all indicate that when the IMF is north-
ward for an extended period of time the magnetotail config-
uration is very different from the general configuration
[Frank ef al., 1995; Fairfield et al., 1996; Raeder et al.,
19935, 19974, b; Berchem et al., 1997a, b]. The simulation
results support the observationally based evidence that high
latitude reconnection between northward IMF field lines
and tail field lines poleward of the polar cusps strongly in-
fluences the magnetospheric configuration [Song and
Russell, 1992 and references therein]. For extremely pro-
longed periods of northward IMF, both observations
[Fairfield, 1993] and simulations [Ogino et al, 1992,
1994; Usadi et al, 1993; Raeder et al, 1995, 1997a;
Fedder and Lyon, 1995] indicate that the magnetospheric
configuration either is closed or has significantly reduced
open field lines, resulting in the tail lobe having a smaller
than average cross section. When the IMF has a B,, com-
ponent the magnetotail can become twisted [Cowley 1981;
Brecht et al., 1981; Ogino et al., 1985; Frank et al., 1995;
Berchem et al, 1997a, b]. Field lines connecting the
northern ionosphere twist to the southern hemisphere in the
tail, and field lines from the southern ionosphere twist to
the northern ionosphere, thereby giving the tail field lines a
braided appearance [Berchem et al., 19973, b]. A changing
B, can cause the tail boundary to shift, resulting in a space-
craft near the magnetopause alternating between being in the
magnetosheath and being in the magnetosphere [Frank et
al, 19951,

We briefly introduce the MHD model used throughout
this study in section 2. Our first case study considers an
interval from Geotail observations first noted by Fairfield
et al. [1996]. On March 29, 1993, while the IMF remained
steadily northward with constant sunward B, the B, com-
penent changed from duskward to dawnward. We use this
event to calibrate our MHD models by studying the re-
sponse of the magnetosphere to the B, component of the
IMF during prolonged intervals of northward IMF. Our
analysis of the configuration of the magnetosphere for this
case is presented in section 3.

In the second case study presented in this paper, we ad-
dress the question of ion transport through the magneto-
sphere during a pertod on February 9, 1995, when the IMF
was northward and had a B, component. In this study our
goal is twofeld: first we wish to ascertain the source of the



ions observed by Geotai! in the near-Earth tail, and second,
we wish to determine how these ions were accelerated after
entering the magnetosphere,

Three main sources of magnetospheric particles have
been identified: the low latitude boundary layer (LLBL),
the plasma mantle and the ionosphere. Observations in the
magnetotail near the equator identify the LLLBL as a transi-
tion region through which plasmas can enter or leave the
magnetosphere [Homes et al, 1972a; Eastman et al.,
1976]. At higher latitudes in the tail, solar wind particles
can enter the magnetosphere through the plasma mantle on
open magnetospheric field lines [Hones et al, 1972b:
Akasofu et al., 1973; Rosenbauer et al, 1975, Hardy et
al., 1975; Haerendel et al, 1978; Pilipp and Morfill,
1978]. The ionosphere, too, contributes plasma to the
magnetosphere [Shelley et al, 1972; Geiss et al., 1978;
Lennartsson et al., 1979, 1981; Lundin et al, 1980;
Balsiger et al., 1980, Peterson et al., 1981; Sharp et al.,
1982; Lennartsson and Shelley, 1986]. Shelley et al
[1982] argue that the solar wind is the dominant source of
ions in the magnetosphere at quiet times and that the iono-
sphere is dominant during more active times. Chappell et
al. [1987] argue the ionosphere supplies enough ions to
make up the entire ion component of the magnetosphere, an
assertion which Lennartsson [1992] challenges.

Ongce inside the magnetosphere ions move through the
magnetospheric electric and magnetic fields to the points of
observation. Of special interest is the motion of ions near
current sheets and neutral lines, where their behavior is
sometimes nonadiabatic [Speiser, 1965, Lyons and Speiser,
1982; Martin, 1986; Biichner and Zelenyi, 1986, 1989,
Chen and Palmadesso, 1986). Ashour-Abdalla [1993,
1994, 1995] use the LSK approach with empirical magnetic
and electric field models and demonstrate that the distant
plasma sheet could be populated by the plasma mantle
source. Percomian and Ashour-Abdalla [1995, 1996]
show that nearer Earth all three sources — the LLBL, the
plasma mantle and the ionosphere — contribute to the
plasma population and that the relative contribution of each
source to the local distribution depends on the local time
and radial distance from the Earth. Richard et al. [1994]
and Walker et af. [1995, 1996] study the entry of particles
into the magnetosphere by launching a distribution of solar
wind ions into the electric and magnetic fields from a
global MHD model. Their results show that for purely
northward IMF is LLBL was the dominant source for solar
wind ions, while for purely southward IMF the plasma
mantle dominates, though the LLBL also contributes ions.

In section 4 we use the LSK method to investigate the
source of ions observed by Geotail in the near-Earth plasma
sheet during an interval on February 9, 1995, with steady.
northward, sunward and duskward IMF. We show how the
sources change with time, leading to a complex distribu-
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tion function even in the near-Earth plasma sheet during
quiet times, and how nonadiabatic motion can influence the
observed distribution function. We summarize our findings
in secticn 5.

2. THE MHD MODEL

For this study we use a global MHD code that includes
an ionospheric model to provide for the closure of field-
aligned currents. In order to accommodate the large simu-
fation volume with a 400 R tail and long simulation
times, the simulation code has been parallelized for running
on MIMD (Multiple Instruction - Multiple Data) machines
by using a domain decomposition technique. The model
essentially solves the ideal MHD equations, modified to
include an anomalous resistivity term, for the magneto-
sphere and a potential equation for the ionosphere.
Numerical effects, such as diffusion, viscosity, and resistiv-
ity, are necessarily introduced by the numerical methods.
These permit viscous interactions and also, to a limited ex-
tent, magnetic field reconnection. However, the numerical
scheme is optimized to minimize numerical effects. In par-
ticular, numerical resistivity is so low that it is necessary
to introduce an anomalous resistivity term in order to
model substorms correctly [see Raeder ef al., 1996]. The
ionospheric part of the model takes into account three
sources of ionospheric conductance: solar EUV ionization
is modeled using the empirical model of Moew and Brekke
[1993], diffuse auroral precipitation {s modeled by assum-
ing full pitch angle scattering at the inner boundary of the
MHD simulation (at 3.7 Rg), and accelerated electron pre-
cipitation associated with upward field-aligned currents is
modeled in accordance with the approach of Knight [1972)
and Lyons et al. [1979]. The empirical formulas of
Robinson et al. [198'/] are used to calculate the ionospheric
conductances from the electron mean energies and the en-
ergy fluxes. A detailed description of the MHD model, in-
cluding initial and boundary conditions, can be found in
Raeder et al. {1996, 1997b].

3. CASE I MARCH 29, 1993

3.1. Solar Wind Observations

On March 29, 1993, from about 1200 UT to 2200 UT,
the IMP 8 spacecraft was near (35, ~16, —9) Rg in GSE co-
ordinates, upstream of the bow shock in the dawn sector.
Figure 1 shows the IMP 8 solar wind plasma and field
measurements during this time period (black diamonds).
The total magnetic field held fairly steady during the entire
interval, rising slowly from about 12 nT at 1000 UT to
about 15 nT at 2200 UT, which is about twice as strong as
is usual for the solar wind. At about 1200 UT, the field
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Figure 1. Solar wind parameters for March 23, 1993, The fig-
ure shows, from top to bottom: magnetic field components, ve-
locity components, proton temperature, and proton density.
The black dois indicate the IMP-8 measurements, and the red
line shows the cleaned and averaged data that were used as in-
put for the MHD simulation.

turned strorgly northward and retained this northward ori-
entation until 2130 UT. The IMF B, component was
fairty strong and positive at the beginning of the time inter-
val, and until the end of the time interval it drifted slowly,
aimost linearly, towards zero. However, while B, held
fairty steady for most of the time interval of interest, B, ex-
hibited large fluctuations and sometimes changed sign.
The IMF B, component was quite large and steady with a
value of about 8 nT throughout the time interval. The so-
lar wind plasma measurements are less complete than the
magnetic field measurements; however, inspection of Figure
1 shows that the solar wind density, velocity, and tempera-
ture were very steady, which allows us to interpolate and to
fill in the missing values. The data also include some un-
realistic and seemingly erroneous values in the plasma time
series which we removed. Although the ¥, and ¥, solar
wind velocity components were available, we did not use
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these data, but instead set V,, and V, to zero, because the
data not only had the same gaps that the other plasma pa-
rameters had but also fluctuated strongly on a short time
scale (1 min), with amplitudes reaching a few degrees in di-
rection. Because a one-degree deflection of the solar wind
direction causes a 2.35 Ry deflection of the tail at the
Geotail position (134 Rg downtail) we deemed these mea-
surements not accurate enough for use in this study.

The red curves in Figure 1 show the processed solar
wind data used as input to the model. Data gaps, primarily
in the plasma data, were filled by interpolation or extrapola-
tion. The input data are 3 minute averages and are pro-
duced by the solar wind mode! described in Raeder et al.
[1996, 1997b]. The IMF B vector that is used as input is
nearly identical to the observed IMF. However, around
1800 UT some strong rotations of the IMF vector occur
that are not completely resolved by the solar wind model,
and slight deviations of the input field from the measured
field become visible. Although this is not entirely satisfac-
tory, this solar wind model is the best that can be con-
structed with single point IMF measurements, because the
alternative is to keep B, constant and thereby miss some
major rotations of the IMF vector.

3.2. Geotail Observations and Comparison with the MHD
Model

During the latter half of March 29, 1993, the Geotail
spacecraft was located in the distant tail, where it moved
from its position at (~134.4, 14.4, -0.8) R (in GSE coor-
dinates) at 1200 UT to (-132.4, 13.2, -0.9) Rg at 2200
UT. For a 370 km/s solar wind the aberration resulting
from Earth's motion would cause the tail to rotate by 4,5°
toward dusk, thus reducing the effective Geotail y position
by 10.5 Rg. This rotation would put Geotail very close to
the tail center, i.e., in aberrated coordinates the Geotail po-
sition would be near (-133, 3.5, -0.8) R;. Additional tail
aberrations, caused by a non-radial solar wind flow vector,
may also be found in the data. Fairfield et al. [1996] es-
timate from the IMP & observations that the solar wind
flow vector points on average 2.5° toward dawn and 2.6°
towards north. Using this estimate, the Geotail position in
aberrated coordinates would be near (133, 9.3, -6.8) R,
still relatively very close (11.5 Rp) to the tail center. We
note, however, that the IMP 8 solar wind directional mea-
surements fluctuate substantially during this time interval.
By all estimates, Geotail was very close to the tail center at
this time, and it is thus expected that it observed only
plasmas and fields that are typical for the tail.

Figure 2 shows the Geotail plasma and magnetic field
observations at 48 s time resolution from 1200 UT to 2200
UT on March 29, 1993 (black curves), results from the



MHD model with no aberration (red curves), with nominal
(only Earth motion) aberration (green curves), and with the
aberration vector estimated by Fairfield et al. [1996] (blue
curves).

The Geotail observations can be ordered most easily by
the x component of the velocity (¥,). During most of the
interval ¥, is between —400 km/s and -330 km/s, which is
close to the observed solar wind velocity. At these times,
the ion density is fairly high, near 10 cm™3, and the plasma
is cool, about 2 x 105 °K. Apparently, Geotail is in the
magnetosheath during these times or possibly in a bound-
ary layer with plasmas and fields that are very like the
magnetosheath. Between these time intervals of magne-
tosheath-like plasmas and fields, the tailward velocity drops
notably, the plasma is at least one order of magnitude hot-
ter, the density is at least one order of magnitude lower,
and the magnetic field assumes a tail-like orientation.
Before 1900 UT this tail-like orientation corresponds to the
southern lobe. Later, the direction is that expected for the
northern lobe.

The colored curves show the MHD results for three aber-
ration angles that lie within a cone of about 5°. None
matches the observations very well. However, taken to-
gether, they essentially bracket B, and V,. B, and V, have
sharp spatial gradients and therefore are the most revealing
quantities of the tail topology. It is reasonable to assume
that the tail boundary corresponding to these gradients is
also well bracketed by the simulation results. As we show
fater, this boundary is the distant tail magnetopause.
Small changes in the aberration angle, which are about of
the same order as the accuracy of the solar wind directional

measurements, cause drastic changes in the model output.
Thus, even if we had a perfect model, it would be necessary
to know the solar wind direction to within a few tenths of a
degree in order to predict the Geotail observations accu-
rately. Given the limitations of the solar wind measure-
ments and the inaccuracies that are inherent in our mode!,
in particular the coarse resolution in the distant tail (about
1.5 Rg iny and z, and about 5 R in x), the comparison is

reasonably good. This assessment also holds for the B
and B, magnetic field components, except for small scale
fluctuations that are beyond the realm of the model. In par-
ticular, the model predicts, in accordance with the observa-
tions, a B component that slowly drifts from positive to
negative values and a strongly positive B,. The Vy and ¥,
components are also basically in accordance with the obscr—
vations, considering that they are also affected by the solar
wind aberration. In particular, the model predicts slightly
duskward flows, i.e., the flow vector is oriented towards the
tail center. Because of the low resolution, the model fails
to predict the sharp gradients in the plasma density and
temperature, i.e., these quantities are somewhat smeared

ASHOUR-ABDALLA ET AL. 81

Geotall and MHD March 29, 1993

W
por YA

l!l}' oy

B; (nT}
)

B, (nT)

E. (nT)

V,(kms™?) Vy(lams)

V,(kms™)

T {°K)

10° 1.‘
10t

100

N fem—%}

101

" 4 . . . . L "

12 13 14 18 14 17 18 18 15‘(-) 21 22
Time (Rours)

Figure 2. A comparison of time series from Geotail (black
curves) and the MHD simulation (celored curves based on dif-
ferent assumptions of aberration; see text). The figure shows,
from iop to bottom: magnetic field components, velocity com-
ponents, proton temperature, and proton density.

out over the grid and the predictions generally fall between
the extremes of the observed values.

3.3, The Tail Cross Section at Geotail

Figures 3a and 3b show yggg - 25 cross sections at
the Geotail position, i.e., at x = —134 R, at different
times. The left panels show the color coded magnetic
field’s B, component, and lines that are tangential to the
magnetic field projection in the y;gp - 2¢5F plane. The
right panels show the color coded ¥, component of the flow
and the (V V,) vectors. The dots indicate the Geotail po-
sition, accordmg to the different tail aberration assump-
tions. The color of the dots corresponds to the colors in
Figure 2: red is the nonaberrated position, green the posi-
tion with nominal (only Earth motion) aberration, and blue
the Fairfield er al. [1996] estimate. The six snapshots cor-
respond to 1200 UT, 1400 UT, 1500 UT, 1700 UT, 1900
UT, and 2100 UT, respectively.
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Figure 3. (2) Cross sections of the tail at the Geotail location (xgg = —134 Rp) at 1200 UT, 1400 UT, and 1500 UT. The
left panels show the color-coded magnetic field B, component and lines that are tangential to the field. The right panels
show the color coded ¥, velocity component along with the (V,, V) velocity vectors. The colored dots indicate the Geotail
location in the ygg -zggr plane according to different assumptions of abetration (see text for details); (b) Similar to (a), but

at 1700 UT, 1900 UT, and 2100 UT.
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At 1200 UT, Geotail is located in the southern lobe
(compare with Figure 2). The lobe at this time is not cir-
cular, as many models predict (see, for example, Sibeck et
al., 1986), but instead is flattened and twisted. The overall
shape of the tail is roughly elliptical, with the semimajor
axis about twice as large as the semiminor axis. The flow
velocity is lowest in the lobes. In the magnetosheath and
the tail plasma sheet, it is comparable to the solar wind ve-
locity.

At 1400 UT, the lobe has become even more flattened
and twisted. Along the minor axis, the tail dimension is
reduced to about 20 Ry, while the major dimension is
about 80 Rr. At the same time, the lobe is twisted by al-
most 90 degrees counter-clockwise as viewed from the sun,
such that the northern lobe is in the dawn sector and the
southem lobe is in the dusk sector. Except for the case of
nominal aberration, the Geotail position is very close to the
magnetopause. The Geotail observations (Figure 2) show
that Geotail is at this time in a region of magnetosheath
like plasma and fields.

At 1500 UT the tail has somewhat relaxed and now
looks more like that at 1200 UT. This rotation and the in-
crease of the minor dimension, given our assumptions re-
garding tail aberration, put Geotail back into the southern
lobe at this time. Unlike the 1200 UT and 1400 UT inter-
vals, the plasma sheet at 1500 UT is inclined by about 20
degrees with respect to the major axis.

At 1700 UT, the tail has narrowed again and is twisted
to an almost upright orientation. As was the case around
1400 UT, the minor dimension is reduced to about 20 R E,'
leaving Geotail in magnetosheath-like plasmas and fields.
However, this case is different from that for 1400 UT, in
that the nerthern lobe lies mainly in the northern hemi-
sphere and the southern lobe lies mainly in the southern
hemisphere. However, there are some structures of oppo-
site sign in both hemispheres.

A dramatic change has occurred by 1900 UT. While at
earlier times the tail was twisted such that the northern lobe
tended to be on the dawn side and the southern lobe on the
dusk side, the opposite is now true. The fact that the tail
has also expanded somewhat results in Geotail’s now being
in the northern lobe for the first time. Inspection of Figure
2 reveals that after this time Geotail does not enter the
southern tobe again for the subsequent 3 hours. However,
the observations indicate that from this peint on, Geotail
repeatedly enters the northern lobe because B, stays posi-
tive during intervals of low density and high temperature.
The simulation shows exactly the same picture.

At 2100 UT, the tail has essentially retained its previ-
ous structure. However, the twisting angle has become
considerably larger than 90 degrees. As a consequence, the

northern lobe is at this point entirely in the southern hemi-
sphere and vice versa.

A number of features are common to the tail cross sec-
tions at all times. First, the major axis of the elliptically
distorted tail is always aligned with the magnetosheath
field direction in the y - z plane. This behavior of the tail
is similar to that found in ISEE-3 data by Sibeck et ai.
[1985, 1986], who deduced a tail cross section of similar
shape, but with the major axis in the east-west direction,
Second, the flow in the magnetosheath is primarily directed
towards the fail center where the tail dimension is smallest
and away from the tail center at the “long ends.” This is
consistent with a flaring of the tail in the larger dimension,
and a negative flaring, i.e., convergence, in the smaller di-
mension. Third, the flow velocities in the lobes are not
uniform. Towards the magnetopause, the velocities are
about 100 - 200 kin/s smaller than the magnetosheath ve-
locity. Towards the tail center, the velocity becomes very
small, of the order of 100 km/s or less. This indicates that
the topology of the inner part of the tail is different from
that of the outer part. Because of the strong northward
IMF, the outer part may well be a boundary layer just in-
side the magnetopause. Such a broad boundary layer has
been found in earlier studies of the middle tai} [Raeder et
al., 19975}, but little is known about its extension into the
distant tail. Fourth, the simulation results show that
Geotail traverses the distant tail magnetopause when it ob-
serves steep gradients in the plasma and field parameters.
Such an interpretation is not obvious from the Geotail ob-
servations alone, and Fairfield er al. [1996] suggest that
the magnetosheath-like plasmas and fields may be a signa-
ture of a closed tail.

In summary, our global simulation for March 29, 1993,
shows that the structure of the distant tail under strongly
northward IMF conditions is quite different from that pre-
dicted by simple models. The simulation results are in ba-
sic accordance with the Geotail observations and provide a
framework for interpreting the data. However, additional
analysis will be required to determine why the tail reacts to
northward IMF in this way. This issue will be the topic of
a forthcoming study.

4. CASE II: FEBRUARY 9, 1995

4.1. Observations

On February 9, 1995, between 0800 UT and 1400 UT
the Wind spacecraft was located at (190, 40, 2) Ry in
Earth-centered solar-ecliptic (GSE) coordinates. The solar
wind magnetic field observations in Figure 4 were provided
by the GSFC magnetometer on Wind [Lepping et al,
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Figure 4. Solar wind parameters on February 9, 1993, The fig-
ure shows, from top to bottom: magnetic field components, ve-
locity compongnts, proton temperature, and proton density.
The black dots indicate Wind measurements, and the red tine
shows the cleaned and averaged data that were used as input
for the MHD simulation.

1995], while the plasma parameters were obtained from the
Solar Wind Experiment (SWE) [Ogilvie et al., 1995]. We
use Wind data as input to the MHD model, even though
the spacecraft was far from Earth, because it is the only solar
wind monitor available. {Although IMP-8 was closer to
Earth it was not in the solar wind at this time.) The IMF
and the solar wind parameters were very stable for the entire
6 hours. During this time interval of steady northward
IMF (B, = 5 nT}, there was also a significant positive B,
component (By = 5 nT) to the IMF which was comparable
to its B, component. The values of the solar wind speed,
density, and thermal pressure were about 400 km/s, 5 cm™
3, and 3.5 pPa, respectively, consistent with the average
solar wind,

During this time interval the Geotail satellite was lo-
cated in the tail, and moved from (-31.0, 3.0, -3.0) Rg to
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(-27.8, 0.6, -2.3) Rg (GSE). Three-dimensional distri-
bution functions were obtained from the Hot Plasma
Analyzer (HP) of the Comprehensive Plasma
Instrumentation (CPI} [Frank et al, 1994]. For the obser-
vations presented here, the HP analyzer was operated in a
mode in which the ion velocity distributions were deter-
mined, with more than 3000 samples falling within the en-
ergy-per-unit charge (E/Q) range of 22 V to 48 kV with a
repetition rate of 22 s. Figure 5 shows V,,- V,, ¥, - V,, and
V. - ¥, cuts of the 3-D Geotail ion distribution functions in
GSE coordinates. The two rows in this figure correspond
to cuts of the Geotail velocity distribution functions for the
1325 UT and 1347 UT time intervals. The arrows show
the direction of the magnetic field projected onto the x - z
plane, At 1325 UT, the ion distribution exhibits counter-
streaming structures in the direction paraliel to B and rela-
tively cold structures in the direction perpendicular to B.
Geotail was in the southern plasma sheet boundary layer
(PSBL) at this time since B, < 0 and is the largest compo-

nent (Figure 6). By 1347 UT, Geotail observed earthward

flow and a stronger B,, suggesting that the spacecraft was in
the outer central plasma sheet (CPS). The perpendicular
temperature of the ion distribution at 1347 UT was higher
than in the earlier time period.

4.2, Comparison of Geotail Observations with the MHD
Model

Our previous example {March 29, 1995) demonstrated
that the magnetosphere displays a great deal of complexity
that is a consequence of the interaction between external
driving, i.e. the IMF and the solar wind, and the magneto-
sphere’s internal evoluticn. This effect is also seen in our
second example, February 9, 1995, when the magneto-
sphere was not in a steady state despite an IMF and a solar
wind that were steady for more than 6 hours.

IMF and plasma data from the Wind spacecraft on
February 9, 1995 (Figure 4), were used as input to the
global MHD simulation outlined in section 2. The red
curves in Figure 4 indicate the values used as input in the
MHD simulation. Note that a constant B, was used in the
simulation. Late in the simulation run this caused us to
overestimate the value of B,

Figure 6 shows as black curves the magnetic field (8,,
By, B.), the three components of the velocity (V,, Vy, Vo),
the ion temperature (T), and the number density (N) ob-
served by the Geotail magnetometer [Kokubun et al., 1994]
and CPI versus time from 1200 UT to 1400 UT, The
magnetic fteld data are 3-second averages while the resolu-
tion of the plasma moments is 64 seconds. The time series
from the MHD simulation at the location of Geotail are
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(ap 1325 U

{(by 1347 UT

Figure 5. Cuts of the three-dimensional Geotail velocity distribution functions from the CPI instrument for 1325 UT
{(upper row) and 1347 UT {lower row). The three panels in each row correspond to V- Vo V-V and V. - ¥, cuts, and the
arrows indicate the projection of the average magnetic field onto the plane of the cut.

plotted in green. The simulation does a poor job of repro-
ducing the observations. The reason for this can be seen in
Figure 7 where we have plotted B, and V| in the y - z plane
and V, in the x - z plane at 1325 UT and 1347 UT. The
location of Geotail is shown by a blue dot. Throughout
this interval in the simulation Geotail is in the southern
tail lobes, just outside of the PSBL. This is a region of
steep gradients in the field and plasma parameters. The
MHD model cannot resolve phenomena on scales smaller
than a few grid points. During this interval the grid spac-
ing is Ax = 0.95 Rp, Ay = 0.50 R, and Az = 0.50 R, In
addition to uncertainties caused by the grid spacing, errors
in the location of the spacecraft with respect to magneto-
spheric boundaries can result from the use of constant IMF
B, in the simulations and because we didn’t update Earth’s
dipole tilt during the simulation. A displacement of a few
grid spaces would greatly change the location of Geotail
with respect to the physical boundaries in the magnetotail.

As can be seen in Figure 6, the simulation does an espe-
cially poor job of reproducing the observations in the inter-
val between 1200 UT and 1300 UT. In particular the sim-

ulation does not reproduce the observed strong Earthward

flows (¥, = 200 km/s). The reason for this can be seen in
Figure 7, which shows that in the simulation the flow di-
verges just earthward of the spacecraft position with earth-
ward flows about 4 Ry or 5 Ry carthward of Geotail.
Displacing Geotail 5§ Rp inx, 2 Rpiny,and 1 Rpinz
yields the blue curve in Figure 6. This displacement
moves the spacecraft into the earthward flow region and
more closely reproduces B, as well. However, now the
model gives strong earthward flows between 1300 UT and
1400 UT, flows that are not observed.

After trying many different displacements we concluded
that it is not possible to find any single displacement
which can correct the model for the entire interval. The
variability of the results in Figure 6 strongly suggests that
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Figure 6. A comparison of time series from Geotail {black
curves) and the MHD simulation {colored curves according to
different spacecraft displacement, see text). The figure shows,
from top to bottem: magnetic field components, velocity com-
penents, proton terperature, and proton density. The vertical
yellow lines indicate the times at which particles from mea-
sured distribution functions where launched in the modsl.

the magnetosphere remains dynamic even when the IMF is
notthward for a leng period of time. As the magnetosphere
changes the gradients change, and this causes the error in
the model to change. Therefore we decided to try to opti-
mize the MHD model only for this study’s interval of
prime interest. Accordingly, we looked for displacements
giving the best fit for the Geotail observations between
1300 UT and 1400 UT. During this interval the ions ob-
served at 1325 UT and 1347 UT enter the magnetosphere
and travel to Geotail. The red curve in Figure 6 gives the
desired best fit to the observed values between 1300 UT
and 1400 UT. It was obtained by displacing Geotail by 0
inx, 1.5Rrpiny, and 0.5 Rg inz. Except for giving too
large a number density the fit is very good. Although this
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good fit to observations from one spacecraft is no guarantee
that the MHD model is correct, it is the best indicator that
we presently have.

The magnetospheric configuration at this time is very
complex. Figure 8 shows a perspective view of the magne-
tosphere at 1312 UT. The three color contours shown in
this figure correspond to the total current density from the
MHD simulation in the x = -30 Rp, x = -90 Rg, and x =
-150 Ry planes. The overall topology of the magneto-
sphere remains relatively unchanged during the simulation,
and these planes are representative of the entire interval.
Geotail's location, which is around x = -28.2 Rg, y = 0.2
Rp, and z= -2.4 Ry, is indicated by the white dot.
Characterized by large current densities, the current sheet
and the magnetopause are clearly discernible. The structure
of the plasma sheet has undergone significant changes as a
result of the more than 5 hours of steady northward IMF
with a significant By, component. Because of the IMF B,
the current sheet is twisted around the Sun-Earth axis to-
ward the duskside at x = -30 R, and this effect gets more
pronounced further downtail. The field lines plotted in
Figure 8 show that because of the twisting of the geomag-
netic tail, portions of the northern (southern) lobe fall below
(above) the equatorial plane, and field lines emanating from
the northern (southern) hemisphere cross the equatorial
plane and are found downtail in the opposite hemisphere,
just as occurred on March 29, 1995 (previous section).

Figure 9 shows plots of field lines within 1 Ry of
Geotail at the two times chosen for this study. At 1325
UT, the spacecraft is in a mixed region of open (red) and
closed (blue) field lines. At 1347 UT, Geotail is mostly in
a region of closed field tines. In order to gain a better un-
derstanding of the changes in the Geotail velocity distribu-
tion functions as the spacecraft traverses from a region of
open to ciosed field lines, we integrate ion orbits backwards
in time in a time-dependent large-scale kinetic (LSK)
study, using the Geotail velocity distribution functions as
input; the results are discussed below,

4.3. Sources of lons for Geotail Distributions

As already noted, despite the quiet solar wind condi-
tions observed on February 9, 1995, significant changes in
the Geotail distributions occurred during this interval
(Figure 5). In this section, we investigate the sources of
the ions comprising the Geotail distributions in order to
determine the origin and delineate the transport of magneto-
tail plasma during this seemingly quiet period.

Because of the time-dependent nature of the problem, we
have used the time-dependent magnetic and electric fields
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Figure 7. Top panel: Cross sections of the tail at the Geotail location (x =29 Ry} at 1325 UT and 1347 UT. The magnetic
field component B, is color coded, Middle panels: Same as top panel, but the V, component of the velocity is color coded.
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Figure 8. y -z cuts of the MHD current at 1312 UT on
February 9, 1995, at x = =30 Rp,x=-%0 Rp, and x =150 Ry,
The white dot indicates the location of Geotail.

from the MHD simulation in our LSK calculation. The
MHD electric field used in this calculation is given by:

E=-vxB+n]J (1)

“where v is the bulk velocity, B is the local magnetic field,
T is the resistivity which is a function of the local magnetic
field gradients, and J is the local current density. The elec-
tric field has both a convective (—v x B) and a resistive
(nJ) term, The resistive term becomes important near the
magnetopause and near x-lines but is negligible elsewhere.
Starting with the Geotail distributions at 1325 UT and
1347 UT in Figure 5, we construct three-dimensional dis-
tributions in velocity space by placing ~90,000 ions in
V=V, -V, bins (100 km/s x 100 km/s x 100 km/s) such
that the number in each bin is proportional to the observed
phase space density of that bin. One particle in the compu-
tational distribution function corresponds to 5 x 1027
s3cm~b in the Geotail distribution function. Since the
scale in Figure 5 ranges from 2 % 10727 to 5 x 10724, the
fine-scale structure of the observed distribution is preserved
in the computational distribution function. For each parti-
cle we integrate the equation of motion
(dv/dt =qv x B + qE} backward in time until the particle
encounters the magnetopause (defined by using the MHD
currents) or the ionosphere (taken as the inner boundary of
the MHD simulation, at » = 3.7 Rp). Since the minimum
grid spacing in the global MHD simulation is relatively
large (~0.5 Rp), and the simulation data are saved at four
minute time intervals, we use linear interpolation (over
space and time} to determine the instantaneous values of the
MHD fields on scales smaller than the grid spacing. We
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caleulate the ion trajectories in the evolving magnetic and
electric fields by using a fourth-order Runge-Kutta method.
The time step in the particle trajectory caleulation is nomi-
nally set to 0.002 times the local ion gyro-period, with an
upper limit imposed to ensure that the time step does not
get too large in weak field regions.

The two panels in Figure 10 show the entry points of
the ions in the measured distribution functions shown in
Figure 5. Each color-coded dot in the figure represents the
number of jons originating froma 1 Rpx 1 Rgx 1 Rg re-
gion centered at the point. The green sphere shows the lo-
cation of Geotail, and the contour plot in each panel repre-
sents a cut of the MHD current in the x = -150 Ry plane at
the time of the measurement and is shown to help locate
the magnetopause.

Between 1325 UT and 1347 UT, Geotail slowly moves
from the PSBL inte the outer CPS. Figure 104 shows the
entry points of particles seen by Geotail at 1325 UT, when
the spacecraft has just entered the closed field line region,
The total current in the » - z plane at x = -150 R is also

(a)

13258 UT

®) 147 0T

Figure 9. Piot of fieid lines for the two time intervals exarmined
in the paper. Field lines within 1 R of the Geotail location

are shown for each interval. Red field lines are open, and blue
field lines are closed.
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Figure 10, Magnetospheric entry plots for the two time inter-
vals examined in the paper. The dots are color coded according
to the number of particles originating from a I Rp X1 Rpx 1 Rg
bin centered on the point. The total current in the x = ~150 R
plane is also shown in each panel.

plotted. This gives an indication of the relationship be-
tween the ion entry points and magnetospheric boundaries.
lons from both the dawn and the dusk side LLBL have ac-
cess in nearly equal numbers to the Geotail location.
Dawnside LLBL ions (50% of ions measured at Geotail)
originate in a wide region in z centered at the equatorial
plane extending between —10 Rp >x > -150 Rp.
However, the bulk of the dawnside entry occurs tailward of
x =—100 Rg. As we shall see below, the dawnside ions
are on primarily nonadiabatic orbits. These ions are re-
sponsible for the bulk plasma seen in the direction perpen-
dicular to B in the Geotail velocity distribution functions at
this time. The duskside LLBL is another major source of
ions for this time period (48% of ions seen by Geotail),
with the bulk of the ions from this source originating closer
to Earth, in the region —10 R > x > —60 Rp. The dusk-

At 1347 UT, Geotail is embedded in a region of closed
field lines. Figure 104 shows that the source of the ions
seen by Geotail is no longer split equally between the dawn
and dusk flanks, and the dawnside LLBL is the primary
supplier of particles to the Geotail distribution function
(88% of ions measured by Geotail). To provide insight
into the particle dynamics and access to Geotail during the
1325 UT and 1347 UT time intervals, we plot in Figure
11 the trajectory of a typical particle. originating from the
duskside LLBL and measured by Geotail at 1347 UT. The
upper panel of this figure shows a three-dimensional view of
the particle’s orbit in GSE coordinates. The black curve in
the lower panel shows the particle’s kinetic energy (from 0
to 10 keV, scale shown on the left), and the red dots in the
lower panel show the particle’s parameter of adiabaticity x
(from O to 10, scale on the right of the panel) as a function
of tite [Biichner and Zelenyi, 1986]. « is defined as

K=+R¢/pL (2)

where R is the local magnetic field radius of curvature and
pL is the ion Larmor radius. When x > 1, particles follow
guiding center orbits and are adiabatic. When x < 1, how-
evet, particles no lenger conserve their first adiabatic invari-
ant and follow stochastic, or quasi-adiabatic, trajectories.
The upper panei of this figure shows that the particle enters

Kappa
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Figure 11. Trajectory of a particle originating in the duskside
magnetopause and arriving at Geotail at 1347 UT. The upper

side entry of ions for this interval occurs along closed
L.LBL field lines. lonospheric particles comprise about 2%
of the particles measured by Geotail at this titne.

panel shows a three-dimensional projection of the particle’s
orbit, and the lower panel depicts the particle’s kinetic energy
(black curve, scale on left), and k (red dots, scale on right).



the magnetosphere at x ~ —20 Ry on the dusk side of the
magnetopause in the region with the largest number of ions
entering via the dusk side LLBL. After entering the mag-
netosphere, the ion is immediately trapped in the near-Earth
region. If executes several adiabatic (x >> 1) bounces and
convects dawnward until it encounters Geotail (shown by a
green dot). This orbit is representative of that of the ions
entering the magnetosphere on the dusk flank between —10
Rp> x> 30 Rp and shows that the bulk of the ions from
the duskside source reaches Geotail on trapped orbits. At
the same time, the particle’s energy does not change signif-
icantly and the particle arrives at Geotail with an energy of
~2 keV.

Figure 12 shows a particle originating in the dawnside
LLBL in a format similar to Figure 11. The three-dimen-
sional rendering of the particle’s orbit (upper panel) shows
the particle entering the magnetosphere on the dawnside at
x ~—90 Ry with a kinetic energy of ~ 2 keV. The particle
then crosses the magnetotail from dawn to dusk, executes

-several nonadiabatic (x < 1) interactions with the current
sheet (red dots in lower panel) in which it gains energy,
and finally arrives at Geotail (green dot) with an energy of
~ 4 keV. This type of particle accounts for the bulk of the
distribution measured in the direction perpendicular to B as
well as for the warmer perpendicular temperature of the
measured distribution compared to that at 1325 UT.

5. SUMMARY AND DISCUSSION

Ins this paper, we have examined two separate events that
are characterized by steady, northward IMF. Using a global
MHD calculation driven by IMP-8 and Wind spacecraft so-
lar wind and IMF data we have simulated these events and
compared the results with Geotail observations. Tn the sec-
ond case (Feb. 9, 1995), we have gone one step further and
applied the LSK technique using time-dependent MHD
fields and observed distribution functions in order to exam-
ine plasma transport and energization.

1. Both examples shown in this paper demonstrate that
the magnetosphere responds in a complex, nonlinear way to
changes in the IMF and solar wind, and is significantly in-
fiuenced by the past history of solar wind changes. This
can be understood as being a consequence of the interaction
between external driving by the solar wind and the IMF
and the magnetosphere’s internal dynamics.

2. On March 29, 1993, the presence of a changing IMF
By component causes the magnetotail to become severely
twisted and flattened. The longer dimension of the tail
cross section follows the changes in the IMF clock angle
rapidly, Le. within a few minutes, such that the semimajor
tail axis remains largely aligned with the magnetosheath
field direction in the y - z plane. At times, the twisting is
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so strong that the northern (southern) lobe is displaced to
the southern {northern) hemisphere in the distant tail.

3. On February 9, 1995, the IMF By component also
causes a twisting of the magnetotail current sheet.
However, because the IMF B, is relatively steady during
the time interval considered, the effect on the magnetotail is
not as drastic as that of March 29, 1993, and the magneto-
tail cross-section shows very little change as a function of
time. Although the IMF shows little variation over several
hours, subtle changes in the interior structure of the tail oc-
cur owing to its internal dynamics and convection. These
changes have a substantial effect on the ion distribution
functions, as is evident from the Geotail observations and
the LSK calculations.

4. By applying the L.SK technique in the February 9,
1995 case, we have been able to examine these changes of
the distribution functions in detail. Specifically, we found
that

a) At 1325 UT, Geotail was entering a region of
closed field lines, allowing ions from both the dawn and
dusk side LLBL to gain access to the spacecraft location.
tons from both the duskside and the dawnside sources orig-
inated from broad regions in z centered on the equatorial
plane which had rotated out of the z = 0 plane because IMF
B, # 0. The ionosphere also made a contribution to the
Geotail distribution, supplying ~2% of the measured ions.
fons from the duskside source followed guiding center or-
bits. However, jons from the dawnside source were charac-
terized by multiple nonadiabatic interactions with the cur-
rent sheet and accounted for the component of the distribu-
tion measured by Geotail in the direction perpendicular to
B.

b) At 1347 UT, Geotail was embedded in a region
of closed field lines. Because the spacecraft entered the
outer CPS from the PSBL, it measured more particles from
the dawn LLBL so that the dawnside ion source became
dominant. If is interesting to note that because of their
stochastically trapped orbits, dawn side ions are seen in
numbers only when the satellite enters into a region of
closed field lines. The ionospheric contribution to the
Geotail distribution increased slightly, to ~3% of the mea-
sured particles, Once again, dawnside ions moved en prin-
cipally nonadiabatic trajectories which scattered them in
pitch angle and energized them before they arrived at
Geotail. The density of particles entering the magneto-
sphere from the dawnside ion source increased steadily
downtail. In contrast, the peak in duskside entry occurred
earthward of Geortail. This caused the duskside ions to be
trapped in adiabatic trajectories as soon as they entered the
magnetosphere and resulted in their arriving at Geotail
while moving in the tailward direction.



92 MAGNETOTAIL STRUCTURE AND DYNAMICS DURING NORTHWARD IMF

& - =
& E
3. .2
s v 2
2~ -

-] — ; . ]

12 13 14
T (Hours UT)

Figure 12. Trajectory of a particle originating on the dawnside
and arriving at Geotail at 1347 UT. The format of the figure is
similar to that of Fig. 11.

The MHD simulations presented in this paper have
shown that the structure of the magnetotail during periods
of northward IMF with a significant IMF B, component is
quite different from the picture predicted by simple models
and that the overall picture cannot be obtained from a sim-
ple superposition of idealized configurations. An analysis
of why the magnetotail responds to northward IMF in the
manner it does will be provided in a forthcoming paper.

The MHD simulations used in this paper are far from
ideal. Using a single point measurement of the solar wind
~200 R upstream of Earth does not allow for compensat-
ing for structures in the solar wind. For example, struc-

" tures measured by the Wind spacecraft and used as input for
our simulations may never encounter Earth and result in
discrepancies between the model and observations. At the
same time, the spatial grid used in the simulation is often
too coarse to resolve sharp gradients in plasma and mag-
netic field parameters. Also, we use a simple mode] for the
IMF B, in our simulations and hold Earth’s dipole tilt

. constant throughout the simulation. Both of these approx-
imations can lead to errors, especially late in the simulation
run. Despite these shortcomings we have used MHD simu-
lations simply because they are the best global moedels
available for our purposes.

We have outlined our initial efforts to use the LSK tech-
nique along with time-dependent MHD electric and mag-
netic fields in order to assess the transport and acceleration

processes affecting particle behavior in the magnetotail. A
natural extension of these efforts would be the application of
this technique to more dynamic magnetospheric intervals
and to times when there is more than one satellite in the
magnetotail. So far, our studies have been limited to peri-
ods of northward IMF, but as the magnetosphere is much
more active during southward IMF intetvals, it represents
an interesting challenge to our modeling effort. Similarly,
a study using Geotail data together with data from either
Polar or Interball would allow us to investigate not only
the transport and acceleration of plasma, but would also al-
low us to gain insight into the subject of common particle
sources supplying the magnetospheric regions covered by
these spacecraft.
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