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[1] Energetic ions with hundreds of keV energy are frequently observed in the near-Earth
tail during magnetospheric substorms. We examined the sources and acceleration of ions
during a magnetospheric substorm on 1 March 2008 by using Time History of Events and
Macroscale Interactions during Substorms (THEMIS) and Cluster observations and
numerical simulations. Four of the THEMIS spacecraft were aligned at yGSM = 6 RE

during a very large substorm (AE = 1200) while the Cluster spacecraft were located about
5 RE above the auroral ionosphere. For 2 h before the substorm, Cluster observed
ionospheric oxygen flowing out into the magnetosphere. After substorm onset the
THEMIS P3 and P4 spacecraft located in the near-Earth tail (xGSM = �9 RE and �8 RE,
respectively) observed large fluxes of energetic ions up to 500 keV. We used calculations
of millions of ions of solar wind and ionospheric origin in the time-dependent electric
and magnetic fields from a global magnetohydrodynamic simulation of this event to study
the source of these ions and their acceleration. The simulation did a good job of
reproducing the particle observations. Both solar wind protons and ionospheric oxygen
were accelerated by nonadiabatic motion across large (>�5 mV/m) total electric fields
(both potential and induced). The acceleration occurred in the ‘‘wall’’ region of the near-
Earth tail where nonadiabatic motion dominates over convection and the particles move
rapidly across the tail. The acceleration occurred mostly in regions with large electric
fields and nonadiabatic motion. There was relatively little acceleration in regions with
large electric fields and adiabatic motion or small electric fields and nonadiabatic motion.
Prior to substorm onset, ionospheric ions were a significant contributor to the cross-tail
current, but after onset, solar wind ions become more dominant.
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1. Introduction

[2] Magnetospheric substorms, the explosive releases of
energy stored in the magnetotail, have been the subject of
intense study for several decades [e.g., Akasofu, 1964;
McPherron, 1972; Lui, 1996;Baker et al., 1996;Angelopoulos
et al., 2008, and references therein]. Many aspects of
substorms are still not well understood, including the effect
of these events on the global circulation of ions in the

magnetotail and their injection into near-Earth geosynchro-
nous orbit.
[3] Substorm onset is characterized by dispersionless

injections of energetic ions into the inner magnetosphere,
during which the flux of ions of tens to hundreds of keV
increase dramatically and nearly simultaneously. These
injections typically occur in narrow channels, predominant-
ly near midnight [Belian et al., 1978; Lopez et al., 1990;
Thomsen et al., 2001] and are attributed to a localized and
transient increase in the electric field with a significant
inductive component [e.g., Quinn and Southwood, 1982;
Aggson et al., 1983]. Observations of the plasma sheet
during substorms also have highlighted the role of flows in
flux transport during these periods. Studies using the
AMPTE/IRM satellite indicated that the plasma sheet flows
occasionally included fast but short-lived flow enhance-
ments [Baumjohann et al., 1988, 1989, 1990]. Angelopoulos
et al. [1992] noted that these fast flows were bursty and
concentrated in �10 m intervals of enhanced flow
(>400 km/s) termed bursty bulk flows (BBFs). Individual

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 114, A09204, doi:10.1029/2009JA014126, 2009
Click
Here

for

Full
Article

1Institute of Geophysics and Planetary Physics, UCLA, Los Angeles,
California, USA.

2Department of Physics and Astronomy, UCLA, Los Angeles,
California, USA.

3Centre d’Etude Spatiale des Rayonnements, UPS, CNRS, Toulouse,
France.

4Department of Earth and Space Sciences, UCLA, Los Angeles,
California, USA.

Copyright 2009 by the American Geophysical Union.
0148-0227/09/2009JA014126$09.00

A09204 1 of 16

http://dx.doi.org/10.1029/2009JA014126


flow bursts frequently exceed 1000 km/s, and last for �1
min. The occurrence of BBFs is generally correlated with
AE, but they are found during all phases of magnetospheric
activity and even during quiet times [Angelopoulos et al.,
1994]. More recently, Sauvaud et al. [1999] and Sauvaud
and Kovrazhkin [2004] used Interball and Cluster observa-
tions to identify sporadic and recurrent injections of ions,
called time-of-flight velocity dispersed ion structures
(TDIS), into the inner magnetotail during substorms. The
injection mechanism of TDIS was shown to operate over a
wide region of the tail extending from �7–40 RE downtail
[Sauvaud et al., 1999; Sergeev et al., 2000]. TDIS obser-
vations indicate that the energization and injection of ions is
a sporadic process that proceeds from the outer magnetotail
inward, and is related to impulsive reconnection in the
midtail region [Sergeev et al., 2000].
[4] The importance of ionospheric O+ ions in the mag-

netotail during active times has been highlighted by a
number of studies, both observational and theoretical in
nature [Sharp et al., 1982; Yau et al., 1985; Chappell et al.,
1987; Lennartsson, 1989; Moore and Delcourt, 1995; Yau
and André, 1997; Winglee, 1998, 2000; Winglee et al.,
2002; Kistler et al., 2005, 2006; Nosé et al., 2005, 2007;
Fok et al., 2006; Moore et al., 2005; Jones et al., 2006].
Ionospheric ions, especially oxygen, inertially load magne-
tospheric convection, slowing the flow speed and increasing
the thermal pressure. However, the increased inertia of the
flow is not the only, perhaps not even the most significant,
effect which the addition of oxygen (O+) may have on
magnetospheric transport. The Larmor radius of a 10 keV
oxygen ion is about 0.5 RE in a 20 nT lobe magnetic field
and a significant fraction of the plasma sheet thickness and
width of the magnetotail in the much weaker magnetic field
of the central plasma sheet. Thus the response of the oxygen
ions to the electromagnetic fields in the plasma sheet is
highly nonlocal, which may result in stresses that signifi-
cantly alter the convection pattern. Moreover, heavy ions
from the ionosphere might trigger substorms by decreasing
the threshold for the ion tearing mode [Baker et al., 1982].
Also, O+ may enhance tail stretching during the growth
phase of substorms by adding to the curvature currents
[Daglis et al., 1990]. On the other hand, O+ decreases the
Alfvén speed and can consequently decrease the reconnec-
tion rate, resulting in a longer expansion phase [Shay and
Swisdak., 2004]. Thus understanding the role of ionospheric
ions is essential in understanding plasma sheet transport,
acceleration and dynamics during substorms.
[5] Previous studies have investigated the role of iono-

spheric ions in the magnetotail by using particle tracing
calculations in model electric and magnetic fields: Cladis
and Francis [1989, 1992] investigated the centrifugal ac-
celeration of cusp ions, Delcourt et al. [1989, 1993]
investigated the viability of the ionospheric source, and
Peroomian and Ashour-Abdalla [1996] calculated the quiet
time densities, pressures, and other bulk parameters of the
plasma sheet from the nightside auroral zone and compared
the contribution of the ionosphere to that of solar wind ions
from the plasma mantle. More recently, Moore et al. [2005]
compared the non-storm-time access of ions from the
ionosphere to ion access from the solar wind by using a
snapshot of the fields from a global magnetohydrodynamic
(MHD) simulation. Moore et al. concluded that the iono-

sphere and the solar wind were nearly equal contributors to
the near-Earth plasma pressure during quiescent periods.
Fok et al. [2006] used ion trajectory calculations in the
electric and magnetic fields from an MHD simulation to
supply the boundary condition for a substorm transport
model. They found that while it takes an hour for O+ ions
to convect from the dayside to the plasma sheet they can
gain 100 keV in less than a minute if they arrive when the
plasma sheet dipolarization is taking place. Winglee [2003]
used a multifluid simulation and particle calculations to
argue that H+ from the ionosphere also contributes mainly
to the distant tail during steady southward IMF but that O+

from the ionosphere can reach the near-Earth tail and be
accelerated there. More recently, Peroomian et al. [2006]
used time-dependent electric and magnetic fields from a
global MHD simulation of a storm event to investigate the
access of the ionosphere to the storm-time plasma sheet and
ring current and compared O+ densities and energy densities
during the storm to those of solar wind ions.
[6] Particle tracing calculations also have been used to

investigate the rapid energization of tail ions and disper-
sionless injections during substorm onset [e.g., Delcourt
and Sauvaud, 1994; Birn et al., 2000; Zaharia et al., 2004].
Delcourt and Sauvaud [1994] used ion trajectory calcula-
tions in three-dimensional model fields of dipolarization
events to show that ions were energized to high energies by
the rapidly changing fields and by the transient inductive
electric fields during a depolarization event. Birn et al.
[2000] traced ion and electron trajectories in fields obtained
from an MHD simulation of the magnetotail and found that
energization mainly occurred in the near-Earth tail, earth-
ward of the x line, and that Fermi, betatron, and nonadia-
batic acceleration mechanisms were responsible for the
observed energization. Zaharia et al. [2004] used an earth-
ward traveling pulse superimposed on a background field to
trace the gyrocenters of ions and electrons and obtained
realistic particle injection signatures. Zaharia et al. [2004]
further compared their results to previous work [Zaharia et
al., 2000] to show that particles energized nearer the Earth
were needed to fully model the substorm injection. More
recently, Liu et al. [2009] investigated particle injection into
geosynchronous orbit by launching test particles in a model
with a depolarization front. Liu et al. reproduced both the
earthward injection but also the observed fast westward
expansion of the injection.
[7] In this paper, we utilize a combination of global MHD

simulations and particle tracing calculations, along with a
state-of-the-art ionospheric O+ outflow formulation, to ad-
dress two important and interrelated questions in magneto-
tail physics, namely the energization and injection of ions
into the inner magnetosphere, and the global dynamics of
the circulation of oxygen ions in the magnetotail during a
substorm event that occurred on 1 March 2008. In doing so,
we place Time History of Events and Macroscale Interac-
tions during Substorms (THEMIS) observations in the
global context of magnetotail transport and acceleration.
This is especially important as the THEMIS mission lacks a
mass spectrometer and is largely unable to distinguish
between protons and heavy ions.
[8] The paper is organized as follows. In section 2, we

describe the observations by the THEMIS and Cluster
spacecraft on 1 March 2008. In section 3 we describe
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how we studied the particle dynamics during the substorm
by launching ions from the ionosphere and solar wind into
the electric and magnetic fields from a global MHD
simulation. The simulation results are in section 4, while
in section 5 we discuss the effects of ionospheric particles
and in section 6 the energization of particles is examined.
Finally, in section 7 we place these results in context
with previous studies and discuss the acceleration of ions
during substorms.

2. Description of 1 March Observations

[9] A major magnetospheric substorm occurred at 0155 UT
on 1March 2008 when four of the THEMIS spacecraft were

in conjunction. The four spacecraft were aligned approxi-
mately 6 RE duskward of the Sun-Earth line (Figure 1).
THEMIS P1 and P2 were located at xGSM = �22 RE and
xGSM = �16 RE in the near-Earth tail while P3 and P4 were
located closer to the Earth at xGSM = �8 RE and �9 RE,
respectively. The observations during this substorm have
been discussed in detail by Runov et al. [2008]. Auroral
observations from the THEMIS all-sky camera array indi-
cate that a pseudobreakup occurred at about 0148 UT
followed by the main onset at 0155 UT. This substorm
followed a period of geomagnetic activity caused by a high-
speed solar wind stream, because of which the Dst index
hovered between �25 nT and �30 nT for the previous 36 h.
In addition, a large substorm (AL � �800 nT) occurred at
�2300 UT on 29 February 2008.
[10] In Figure 2 we have plotted the THEMIS P1–P4

observations during this substorm. For each spacecraft
(Figures 2a–2d), the first panel shows the magnetic field,
and the second and third panels contain ion energy flux
spectrograms based on observations from the Solid State
Telescope (SST) [Angelopoulos, 2008] and the Electrostatic
Analyzer (ESA) [McFadden et al., 2008] instruments. The
fourth panel gives the density, and the fifth panel contains
the velocity. The sixth and seventh panels show the energy
fluxes from the energetic and thermal electrons, respective-
ly. The dashed line at 0148 UT in Figure 2a (P1) indicates
tailward flows (seventh panel) and a southward BZ (first
panel) just prior to substorm onset consistent with P1 being
tailward of a neutral line. Additional tailward flows and
southward BZ were observed at 0155 UT (second dashed
line).
[11] Initially the plasma sheet was hot but quiet at the

location of P2 (Figure 2b). Following the pseudobreakup
(left dashed line), P2 began leaving the plasma sheet since
both the energetic particle flux (SST) and the thermal
energy flux decreased. The spacecraft did not completely
leave the plasma sheet however since the density decreased
only by about a factor of two. At the same time, P2 was
engulfed by fast flows moving tailward (>400 km/s). P2
then reentered the plasma sheet before leaving it again just
after the main onset (second dashed line). A few minutes
later it entered a region of tailward and duskward
flows before entering a region of plasma sheet like particles
with earthward flow. Runov et al. [2008] interpret this as
being caused by the passage of a near-Earth neutral line
tailward past P2. Starting with the pseudobreakup, P1 was
always in tailward flows suggesting that it was always
tailward of the neutral line. Runov et al. [2008] interpret
these observations as evidence for substorm reconnection at
about xGSM = �16 RE.
[12] Perhaps the most exciting observations from this

substorm were from the two earthward satellites P3 and
P4. Figure 2c shows the spectrograms from P3. Prior to the
pseudobreakup P3 was in the outer central plasma sheet.
There was little change at the pseudobreakup but a few
minutes later (0154 UT) it moved closer to the tail lobes.
Following the onset at about 0158 UT there was a large
increase in density coupled with increases in both the
thermal and energetic electrons and protons. Note the
particles of both types were accelerated to hundreds of
keV (�500 keV). The magnetic field BX decreased consis-
tent with motion deeper into the plasma sheet while a

Figure 1. Positions of the Time History of Events and
Macroscale Interactions during Substorms (THEMIS) and
Cluster spacecraft in the (top) xGSM-yGSM and (bottom)
xGSM-zGSM planes at 0155 UT on 1 March 2008.
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significant BY developed. These observations are consistent
with P3 being engulfed by an expanding plasma sheet. P4,
closer to the Earth and the center of the plasma sheet, saw
very similar changes about a minute earlier (Figure 2d).
[13] While the THEMIS spacecraft were moving through

the equatorial plasma sheet, Cluster also was on the night-
side. The Cluster spacecraft were at southern auroral lat-
itudes near perigee about 5 RE from the Earth. In Figure 3
we have plotted energy flux spectrograms from the Cluster
Ion Spectrometers (CIS) on SC1 (Figure 3a) and SC3
(Figure 3b). SC1 crossed into the plasma sheet boundary
layer at about 0206 UT and observed the characteristic ion
energy dispersion in a velocity dispersed ion structure
(VDIS) in which the highest energy particles arrive first.
After several VDIS events SC1 finally entered the plasma

sheet about 0219 UT. Note that the VDIS are very struc-
tured displaying beamlet like signatures. These are narrow
beams of particles which characterize the VDIS [Bosqued et
al., 1993]. The SC3 spacecraft crossed the plasma sheet
boundary about 14 min after SC1 (0220 UT). Again VDIS
with beamlets were observed. At about 0222 UT SC3
moved back through the VDIS structure toward the lobes
and then reentered finally reaching the central plasma sheet
at about 0232 UT.
[14] One of the most significant aspects of the Cluster

observations started about 2 h before the spacecraft entered
the plasma sheet. In Figure 4 we have plotted the energy
flux from a detector on SC3 which was observing particles
coming out of the ionosphere (0–60� in pitch angle).
Enhanced energy fluxes are found at very low energy

Figure 2. Observations from four of the THEMIS spacecraft on 1 March 2008. In Figures 2a–2d, the
first panel shows three components of the magnetic field in GSM coordinates, the second panel contains
energy flux spectrograms from the SST instrument showing energetic ions, the third panel contains
energy flux spectrograms from the ESA instrument showing thermal ions, the fourth panel shows the
density, the fifth panel gives the three components of the velocity in GSM coordinates, the sixth and
seventh panels show electron energy flux spectrograms for the energetic and thermal particles. The
dashed lines delimit the times of the pseudobreakup (0148 UT) and the main onset (0155 UT) of the
substorm. Figures 2a–2d correspond to spacecraft P1, P2, P3, and P4, respectively.
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Figure 3. Cluster Ion Spectrometer (CIS) energy flux spectrogram from (a) SC1 and (b) SC3 on 1
March 2008. Figures 3a and 3b have been aligned according to latitude and are �11 min apart in time.
VDIS were observed on SC1 starting at about 0205 UT.

Figure 4. Cluster SC1 CIS/HIA and CODIF results for 0000–0200 UT on 1 March 2008. Plotted are
(a) an energy flux spectrogram of upflowing ions, (b) the density of H+ (black trace) and O+ (blue trace)
ions, and energy fluxes of (c) H+, and (d) O+ flowing away from the ionosphere.
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(<100 eV). Figure 4b gives the density of these particles.
Throughout most of these 2 h the density is higher for O+

(blue) than for H+ (black). The outflow is even more
dramatic in Figures 4c and 4d in which differential fluxes
of the outward flowing H+ and O+ have been plotted. From
these spectrograms it is clear that the cold particles coming
from the ionosphere are O+. The O+ outflow in response to
the geomagnetic activity and the occurrence of a prior
substorm at �2300 UT on 29 February 2008 is consistent
with observations of oxygen ion enhancements during
substorms [Mobius et al., 1987; Daglis and Axford,
1996]. Thus this event may be a very good opportunity
to determine the importance of ionospheric plasma during
substorms.
[15] In a companion paper, El-Alaoui et al. [2009] present

MHD simulations of this substorm. The MHD simulation
did a good job of reproducing the THEMIS observations as
well as those at geosynchronous orbit. El-Alaoui et al.
[2009] also compared their results with auroral images from
the THEMIS ground all-sky camera network. They found
that the simulation reproduced both the timing of the
pseudobreakup and the main onset. In the simulation the
substorm started with the formation of a neutral line just
duskward of the THEMIS array (0142 UT). This was
followed by reconnection on the dawn side of the tail
(0148 UT). Later in the substorm the two x lines merged.
This occurred very near substorm onset. In the more distant
tail region probed by P1 and P2 a flux rope formed shortly
after substorm onset. In the inner tail region probed by P3
and P4 the reconnection just duskward of THEMIS
drove the tailward flow seen by P3 and P4. Finally a small
vortex formed at about 0154 UT just earthward of P3 and
P4. This vortex drove the duskward flows observed by these
satellites.
[16] The complementary THEMIS and Cluster observa-

tions combined with the very good agreement between the
MHD simulation and observations provide us with an

excellent event with which to investigate both the acceler-
ation of ions during magnetospheric substorms and the
importance of ionospheric plasma during the substorm
process. We have addressed these problems by using the
large-scale kinetic (LSK) simulation approach in which we
launch millions of particles into the time-dependent
electric and magnetic fields from the MHD simulation for
this event [El-Alaoui et al., 2009]. For this case we included
both the ionospheric and solar wind sources of ions. The
calculations including the launches have been detailed in
sections 3, 4, and 5.

3. Launch Schemes

[17] Observations have shown that the plasma sheet is
populated by both solar wind and ionospheric plasma [e.g.,
Shelley et al., 1972; Sharp et al., 1982; Lennartsson, 1989;
Moore and Delcourt, 1995]. As shown in Figure 4, Cluster
observed a substantial amount of O+ outflow as it crossed
from the polar cap into the auroral zone on 1 March 2008.
To model this event, one has to consider both the effect of
solar wind as well as ionospheric plasma. Thus in this study
we launched both H+ solar wind and O+ ionospheric
particles. Below we describe the launch scheme for each
species separately.

3.1. Solar Wind

[18] A number of previous studies have used particle
tracing calculations to examine the role of the solar wind
in populating the magnetosphere, each adopting a different
technique for doing so. Richard et al. [1994, 1997] carried
out test runs to determine the most viable region of solar
wind entry and preferentially populated that portion of the
solar wind impinging on Earth. Peroomian et al. [2006,
2007] launched ions at 5-min intervals on a 0.5 RE � 0.5 RE

grid in the y-z plane upstream of the bow shock and
averaged results over 10-min time scales, and Moore et
al. [2005] and Fok et al. [2006] randomly distributed ions in
space and time in the solar wind. These approaches are
limited by the number of ions launched per simulation [e.g.,
Fok et al., 2006] or by the length of time results are
averaged over [e.g., Peroomian et al., 2007]. The investi-
gation of the 1 March 2008 substorm required us to
populate the magnetotail with statistically significant numb-
ers of ions continuously for 2 h prior to substorm onset. In
order to launch a sufficient number of ions with a reason-
able computation time, we launched solar wind ions as
follows: we first determined the magnetospheric cross
section at xGSM = 0 RE, and identified the inner edge of
the magnetopause current layer at this value of x throughout
the entire interval. Then, for every 1-min interval, we
randomly populated an irregular annulus of 1 RE radial
thickness adjoining the inner edge of the magnetopause
current layer (Figure 5) with 500,000 ions from a T = 100
eV Maxwellian drifting tailward with 100 eV streaming
energy. We launched ions beginning at 0000 UT and
continued launching at 1-min intervals until 0200 UT. Using
IMP-8 data, Siscoe and Kaymaz [1999] indicated that the
plasma mantle and the plasma sheet in the flanks of the
magnetosphere blend continuously into one another. Chris-
ton et al. [1998] used Geotail data to show that the
boundary layer, composed of the plasma mantle and low-

Figure 5. Cross section of the MHD total current in the
xGSM = 0 (terminator) plane at 0130 UT on 1 March 2008.
The red annulus of thickness 1 RE set 1 RE inward from the
inner edge of the magnetopause current layer represents the
launch region for solar wind ions.
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latitude boundary layer (LLBL), was a continuous ring
radially inward of the magnetopause current layer. The shell
over which our launches were carried out, mimicking these
observations, therefore effectively represents the contiguous
plasma mantle and LLBL sources. We used the magneto-
sheath ion density in the MHD simulation, along with the x
component of the MHD velocity within the launch region to
normalize the flux of launched ions to the flux of solar wind
ions entering the magnetosphere.

3.2. Ionosphere

[19] We launched ionospheric O+ ions during this event
by using the Strangeway et al. [2005] formula associating
precipitating density with ion outflow. We obtained the
precipitating density from the MHD simulation (with an
ionospheric grid of 0.5� latitude � 3� longitude). Thus, each
MHD ionospheric grid point was assigned a corresponding
time-dependent outflow rate. We launched �250,000 O+

ions per hemisphere per minute with a temperature of 30 eV
and drift energy of 50 eV from an altitude of 1.25 RE (r =
2.25 RE), corresponding to the inner boundary of the MHD
simulation, with the assumption that the physics of ion
upflow and outflow are implicitly taken into account [e.g.,
Liu et al., 1995; Horwitz, 1996; Strangeway et al., 2000,
2005]. In order to avoid structuring of the outflow due to
discrete sources, particles launched within each MHD iono-
spheric grid point were randomly distributed over the area
of that grid. The outflow of O+ ions obtained from the
Strangeway et al. [2005] formula was nearly constant

throughout this event and was �2.1–2.4 � 1026 ions/s.
Ionospheric ions were launched during the same time period
as solar wind ions (0000 UT to 0200 UT).

4. Simulation Results

[20] The particles in our LSK simulations are collected at
a series of virtual detectors. For this study we placed plane
virtual detectors in the y-z direction at the x locations of
each of the THEMIS spacecraft (Figure 1). The results at the
onset of the pseudobreakup (0148 UT) are plotted in
Figure 6. The color spectrograms give the log of the number
of particles crossing the detector with H+ ions in Figure 6
(left) and O+ ions in Figure 6 (right). Cross hairs give the
location of the THEMIS spacecraft in the y-z planes. Finally
we have added contours of plasma b values of 0.5 and 1.0
from the MHD simulation. In general the highest popula-
tions of particles are found within the b contours. Not
surprisingly, the overall population of the plasma sheet is
controlled by the magnetospheric configuration determined
by the MHD simulation. Both the MHD results and the
particle results exhibit complexity. The outer boundary of
the plasma sheet is very irregular.
[21] Most of the particles are H+. Both P1 and P2 are near

the outer (northern) edge of the plasma sheet. At the radial
distances of P1 and P2 the largest populations are just
duskward of the satellites. The plasma sheet is thicker there
as well. El-Alaoui et al. [2009] found that the tail recon-
nection started just duskward of midnight about 6 min

Figure 6. The yGSM-zGSM plots of ion counts at the x location of the THEMIS spacecraft at 0148 UT.
(left) Solar wind H+ ions. (right) Ionospheric O+ ions. (a and b) Simulation results for THEMIS P1. (c–h)
Same as Figures 6a and 6b for the (Figures 6c and 6d) P2, (Figures 6e and 6f) P3, and (Figures 6g and 6h)
P4 spacecraft. The crosshairs show the exact location of the THEMIS spacecraft at this time.
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earlier. The most intense particle populations are found in
the P3 and P4 planes. The simulations place the spacecraft
again at the northern edge of the plasma sheet and just
slightly dawnward of a very large population related to the
tail neutral line. Actually P3 and P4 are in a local minimum
in the particle population.
[22] The O+ population is qualitatively very similar to the

H+ population. The ionospheric oxygen has access to the
entire plasma sheet. The number of particles is smaller but
these count rates have not been normalized so we cannot
directly compare the particle populations using this figure.
[23] In Figures 7 and 8 we present a comparison of the

particle populations from our simulation with the particles
observed on THEMIS. In Figure 7 we have reproduced
energy versus time spectrograms from P2. The color coding
in the THEMIS spectrograms gives the energy flux from the
energetic ion instrument (SST) and the thermal ions (ESA)
in Figures 7a and 7b. Figures 7c and 7d are energy-time
spectrograms from the simulation at the SST and ESA
energies. Here we have plotted the log of the counts of
solar wind hydrogen ions. Similar plots for ionospheric O+

are Figures 7e and 7f. Both the SST and ESA observations
as well as the simulations indicate that THEMIS P2 was in
the plasma sheet prior to 0150 UT. At about 0151 UT the
observations indicate that the spacecraft briefly passed
toward the lobes and then reentered the plasma sheet until
about 0154 UT when it briefly exited into the lobe again.
The simulated spectrogram follows the same trend as P2

observations. Specifically, at about 0150 UT the simulated
energetic ion and thermal ion populations decrease much
like the observations. They increase at about 0152 UT and
then decreased again at 0155 UT, again much like the
observations. Similar behavior is found in the O+ popula-
tions. Both particle sources yield results that are qualita-
tively in agreement with the P2 observations. Examination
of the MHD results [El Alaoui et al., 2009] suggests that
these changes are primarily due to motion of the plasma
sheet with respect to P2.
[24] The most dramatic changes in the observed particles

occur at the two inner spacecraft P3 and P4. In Figure 8 we
have plotted both the observed and simulated spectrograms
at P4. Following substorm onset at 0155 UT, P4 encoun-
tered enhanced energy fluxes of both thermal and energetic
particles with energetic ions recorded up to 500 keV. The
simulated H+ counting rates exhibit similar behavior but
there are some differences. For instance, both the simulated
thermal and energetic ions exhibit a large decrease starting
about 0150 UT. This is not evident in the observed thermal
ions and only a slight decrease was observed in the
energetic ions. However, the simulated particles return at
the same time as the major increase in observed ions and
most importantly the simulated ions show the same en-
hancement at energies up to 500 keV. There are virtually no
ionospheric ions in the simulated population before the
large increase at 0155 UT. It is interesting to note that
around 0158 UT the observations show a portion of

Figure 7. Comparison of observed energy flux spectrograms with counting rate spectrograms from the
particle simulation for P2. Differential energy flux of (a) energetic ions from SST and (b) thermal ions
from ESA. (c and d) Simulated spectrogram (in the same format) using the solar wind source particles. (e
and f) Spectrograms using the ionospheric source.
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detached plasma at energies of around 1 keV. This is
probably is due to O+ ions as evidenced in the simulated
thermal O+ ions in Figure 8f. The O+ also exhibits strong
fluxes at higher energies up 100 keV. Examination of the
MHD model indicates that the plasma sheet boundary
moved past P4 during the dropout in fluxes leaving the
spacecraft near the tail lobes [El-Alaoui et al., 2009]. It
moved back over P4 at about 0155 UT. It appears that the
plasma sheet boundary throughout this interval was nearer
the spacecraft than was the actual PSBL.
[25] Spectrograms from Cluster SC1 have been plotted

along with spectrograms from the simulation in Figure 9.
Figures 9a–9c show the SC1 observations, and the simu-
lated H+ and O+ results at the SC1 position. In Figure 9a,
Cluster SC1 entered the PSBL at about 0206 UT with the
largest energy fluxes starting at 0208 UT. The entry shows
the characteristic dispersion of a VDIS with highest energy
particles arriving at the spacecraft first. The PSBL fluxes
decreased and then increased again at 0211 UT. SC1
apparently did not leave the PSBL during this decrease,
since there was no inverse dispersion (low energy particles
observed before the higher energy ones) during the de-
crease. This seems to be a temporal change. The simulated
SC1 H+ spectrogram (Figure 9b) shows similar effects with
an initial entry at 0207 UT followed by a decrease and then
an increase in the particles. Two more VDIS-like structures
were found in the observations, starting at �0217 UT and
�0221 UT. The VDIS-like structure starting at 0217 UT can
be seen in the H+ simulation but the one at 0221 UT is not
present. In both the observations and simulation the VDIS

are structured with beamlets [Ashour-Abdalla et al., 2005;
Bosqued et al., 1993]. Note that VDIS-like structures
observed later on SC1 (0217 UT and 0221 UT) have
significant enhancements in O+. In our simulations the
structures starting at 0221 UT are almost entirely O+.

5. Effect of Ionospheric Particles

[26] The comparisons in Figures 7–9 indicate that our
large-scale kinetic simulation is doing a very good job of
reproducing the timing of particle injections, their energy
and the dispersion at five widely spaced satellites. To
quantify the importance of ionospheric O+ on the substorm
dynamics we need to consider the relative density of iono-
spheric and solar wind particles. Recall that we did not
launch ions from the solar wind, instead choosing our
launch locations in the magnetopause boundary layer to
save computing time. Nevertheless, the calculated densities
must reflect the variations in the solar wind parameters. We
do this by estimating the entry rate of the particles crossing
the MHD launch area per unit time. The rate is given by r =
nMS

R
v � dAwhere nMS is the MHD magnetosheath density,

v is the MHD velocity and the area is the particle launch
area. The entry rate was estimated by using the magneto-
sheath density, multiplied by the MHD simulation velocity
perpendicular to the launch surface. The normalization is
based on a technique developed by Ashour-Abdalla et al.
[1993]. We have modified the technique in two ways. First,
we no longer assume that the streaming velocity is much
larger than the thermal velocity, and second, the entry rate is

Figure 8. Comparison of observed energy flux spectrograms with counting rate spectrograms from the
particle simulation for P4 in the same format as Figure 7.
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not directly derived from the MHD results. The number
density is given by

n ¼
X r tð ÞDtjv?Lij

NADT jv?Dijhjv?Liji
ð1Þ

where n is the number density, DT is the accumulation time
at the virtual detectors, Dt is the time interval between test
particle launches, N is number of test particles, jv?Dij is the
absolute value of the velocity perpendicular to the detector,
jv?Lij is the absolute value of the velocity perpendicular to
the launch plane, jhjv?Liji is the average of jv?Lij over all
particles in the launch, r(t) is the rate of particles entering
the magnetosphere from the MHD model, and A is the
detector area. The area and time of accumulation for
particles leads to the factor ADT in the denominator, just as
in a real spacecraft detector. The rest of the equation allows
us to associate the N test particles launched with the number
of real particles at a given velocity. Particles moving with a
lower velocity perpendicular to a plane cross that plane less
often for the same density in velocity space. The factors of
perpendicular velocity at the launch and detector planes
correct for this. The factors related to perpendicular velocity
at the launch plane did not seem to have a strong effect on
the result. Other factors that come into play are the number
of test particles launched N and the time interval Dt
between launches. Thus, if more test particles are launched
each one contributes less to the density estimate. The
normalization scheme for ionospheric ions is similar to the
process outlined above. However, in the case of O+, we
obtain outflow rates directly from the precipitation into the

MHD ionosphere and the Strangeway et al. [2005] formula
(see section 3.2), thus establishing a known weight for each
launched particle.
[27] In Figure 10 we present a quantitative comparison

between the THEMIS P3 observations and our particle
simulations. The black curves give the densities of solar
wind H+ (Figure 10a) and ionospheric O+ (Figure 10b) and
the total (Figure 10c) from our simulations by using the
normalization described above. The blue lines give the
density determined from THEMIS P3 observations. In
Figure 10a the observed density is greater than the simula-
tion density prior to about 0154 UT while the agreement
after about 0155 UT is excellent for both the slope of the
change in density as well as the peak value. Prior to the
pseudobreakup at 0148 UT, the O+ density is nearly as large
as the H+ density (Figure 10b). After about 0149 UT the
density of O+ falls to less than 10% of the H+. This shows
clearly that the O+ has its greatest effect during the first
onset of the substorm and not during the main onset. Thus
most of the density increase after substorm onset is solar
wind H+. In Figure 10c we have combined the O+ density
with the H+ density, to obtain a curve that best approximates
the density that would be inferred from THEMIS observa-
tions. By including both solar wind and ionospheric sources
the comparison with observations improves significantly
throughout the entire interval.
[28] In Figure 11 we have calculated the current density

resulting from the H+ and O+ ions in the y = �1 RE plane.
The results at 0146 UT, just before the pseudobreakup, are
plotted in Figures 11a and 11b. In the plasma sheet the H+

current density is greater than 0.30 nA/m2 (Figure 11a)
while that from the O+ is about half as much (Figure 11b).

Figure 9. Comparison of Cluster observations with simulated spectrograms. (a) Cluster SC1 CIS
observations of thermal ions. (b) Simulation results from the solar wind source. (c) Simulated
spectrogram using particles from the ionospheric source.
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Recall that in Figure 10 this was the time interval during
which the O+ density at P3 (�9.3 RE, 5.6 RE, �0.7 RE) was
a substantial fraction of the H+ density. Later at 0149 UT,
following the onset of the pseudobreakup, the H+ contribu-
tion to the current density has increased with respect to the
O+ density. Thus, during the growth phase of this substorm
O+ ions made a significant contribution to the currents in the
tail and hence the overall magnetospheric configuration.
Throughout the rest of the simulation H+ ions dominated the
current density. Kistler et al. [2005] examined three sub-
storms, one of which was a non-storm-time substorm, by
using Cluster spacecraft data in the midtail (xGSM � �19
RE) region. Kistler et al. found that regardless of the density
of O+ ions, that species carried only 5–10% of the current
density. Our results are consistent with the Kistler et al.
[2005] observations.

6. Acceleration of Particles

[29] The most dramatic effect of this substorm is the
acceleration of the energetic electrons and ions observed by
the SST instrument on board THEMIS. The first step in
determining the acceleration mechanism responsible for this

injection is to locate the source of these ions [Ashour-Abdalla
et al., 2000]. In Figure 12 we have plotted the thermal
pressure from the MHD simulation in the in the xGSM = 0
launch plane (with the gray scale shown on the right) and the
source locations for three sets of particles, color coded
according to the number of particles. Figures 12a–12c show
ions from each of three areas, identified with A, B, and C on
the simulated THEMIS P4 spectrograms shown in Figure 8.
Note that the ‘‘source’’ regions for these ions are thicker than
1 RE. Recall the actual launch sites varied as the magneto-
spheric configuration changed during the substorm, thereby
smearing out the source region in Figure 12. Figure 12 clearly
shows that the energetic particles from all three regions came
from the same launch region – the dawn side low latitude
boundary layer.
[30] In order to determine the region where ions reaching

the THEMIS spacecraft were accelerated and the mecha-
nism responsible for this acceleration, we randomly chose
10 solar wind H+ ions and 10 ionospheric O+ ions arriving
at the P3 spacecraft from each of five energy ranges (E <
50 keV, 50 keV < E < 100 keV, 100 keV < E < 150 keV,
150 keV < E < 200 keV, E > 200 keV) and followed their
trajectories through the electric and magnetic fields of the
MHD simulation. The P3 ions were selected from those
detected at the spacecraft during 0155 UT – 0156 UT.
Figure 13 summarizes the results of this calculation for the
P3 particles. Figures 13a–13f each give an x-y projection of
the surface of maximum pressure, a proxy for the center of
the magnetotail current sheet [Ashour-Abdalla et al., 2002].
Figures 13a and 13d show the locations where ions crossed
the current sheet plane, color coded according to their
instantaneous energy. Figures 13b and 13e and Figures 13c
and 13f show the same data color coded according to the
total electric field and the inductive electric field, respec-
tively, experienced by the ions. We estimated the inductive
electric field by using the following formula: Eind =

H
E �

dl/
H

dl. Here E is the electric field determined at a point
from the MHD simulation by interpolation, and dl is an
element of a path around the given points. We choose three
small square paths around the point: parallel to the x-y, x-z,
and y-z planes. We integrated the electric field along the
square paths and divide by the perimeters of the squares,
giving us a vector. Finally, we computed the magnitude of
this vector. The thick black curves show the location of BZ =
0 at 0155 UT. Figure 13a shows that solar wind H+ ions
reaching P3 did so from a region just earthward of the x line
(thick black curve) on the dawn side. Recall that the entry of
particles observed at P3 (not shown) and P4 (see Figure 12)
was from the dawn side LLBL. These ions gained energy
rapidly and crossed the current sheet to reach the spacecraft.
As will be shown below, the ions’ behavior in this region is
highly nonadiabatic, and the rapid acceleration and cross-
tail motion of the ions is consistent with the ‘‘wall’’ region
first reported by Ashour-Abdalla et al. [1992a, 1992b].
Figure 13b shows three regions of high total electric field
along the solar wind ion trajectories, in the dawn flank near
the x line, in the dusk flank just duskward of P3, and in
a small region at xGSM � �12 RE and yGSM � �2 RE.
Figure 13c shows that the estimated inductive electric field
also has its maximum value in the dawn region. To further
illustrate the process by which solar wind ions reaching P3
are energized, we plot in Figure 14 the trajectory of an ion

Figure 10. Comparison of ion number density observed
by P3 (blue curves in Figures 10a and 10c) with simulated
number density (black curves). (a) Proton density from the
solar wind source. (b) O+ density from the ionospheric
source. (c) Density that P3 would observe given these two
sources.
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reaching the spacecraft with energy�200 keV. Figure 14a is
a 3-D rendering of the ion’s orbit color coded according to
its instantaneous energy. Note that the lowest energy we plot
is 50 keV just to emphasize the energization. Also plotted in
white are select field lines along the particle trajectory to
illustrate the particle motion due to convection as well as
nonadiabatic acceleration. Figures 14b–14d show the total
energy (black curve) and parameter of adiabaticity k (red
curve, defined as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rcmin=rLmax

p
, where Rcmin is the mini-

mum magnetic field radius of curvature and rLmax is the
maximum particle Larmor radius [Büchner and Zelenyi,
1986, 1989]), total electric field (ETOT), and a measure of
the induced electric field (EIND) along the particle’s trajec-
tory. The ion is launched at �0115 UT from the dawn flank,
and soon finds itself on closed field lines in that region. As
the ion is carried tailward by convecting field lines, it finds
itself on open field lines in the center of the tail. It then
crosses onto closed field lines where it interacts with the

current sheet, and gains over 150 keV in �1 min prior to
reaching P3. This also is indicated in Figure 14b, which
shows that the energy gain of the ion (black curve) occurs
when k � 1, indicating that the ion is being accelerated
nonadiabatically. The rapid increase in ion energy just prior
to �0155 UT also coincides with a region of strong
inductive electric fields (Figure 14d). We note that the
presence of a large ETOT and EIND are not sufficient to
cause ion acceleration. For example, the ion shown in
Figure 14 traverses a region of high ETOT and EIND between
0126 UT and 0140 UT, and shows no significant change in
its energy (Figures 14b–14d). Rapid energization occurs
only when the ion is free to move across the magnetic field,
i.e., when the ion is unmagnetized and nonadiabatic.
[31] Figures 13d–13f shows the current sheet crossings

of ionospheric O+ ions that reach P3 and indicates that O+

ions are accelerated in the same region as the solar wind H+

ions, namely the dawnside region just earthward of the x

Figure 12. Source of simulated solar wind particles observed by THEMIS P4 at times and energies
indicated by A, B, and C on Figure 8. The thermal pressure from the MHD simulation is shown with the
gray scale on the right. The colored dots show the launch location of the ions in the source plane.

Figure 11. Simulated current density crossing the yGSM = �1 RE plane at (a and b) 0146 UT and (c and
d) 0149 UT. Current densities for the (Figures 11a and 11c) solar wind source and (Figures 11b and 11e)
ionospheric source are shown.
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line. Figure 15 depicts an ionospheric O+ ion that reached
P3 at �0156 UT in the same format as Figure 14. Figure 15a
shows the particle gaining energy (from blue to orange, or
from �1 keV to >100 keV) very rapidly in the dawn sector
of the magnetotail as it traverses across open field lines to
reach closed field lines on the dusk side. Figure 15b in fact
shows that the ion gains >100 keV during a single interac-
tion with the current sheet in a region of high ETOT and EIND

(shown in Figures 15c and 15d). The red curve in Figure 15b
shows k as a function of time and indicates that k� 1 during
this interaction of the ion with the current sheet. Again, there
is no energy gain associated with the high ETOT and EIND

experienced by the oxygen ion prior to 0140 UT, when the
ion is still magnetized (Figures 15c and 15d).

7. Summary and Discussion

[32] We have carried out an LSK simulation of the 1
March 2008 substorm by launching solar wind and iono-
spheric ions in fields obtained from a global MHD simula-
tion of the event. We found that
[33] 1. The large-scale topology of the CPS and PSBL are

determined by the MHD simulation. Ion densities and bulk
parameters obtained from the LSK simulation show signif-
icant variability in space and time, in agreement with earlier
results reported by Ashour-Abdalla et al. [2008].
[34] 2. The LSK simulation does an excellent job of

reproducing THEMIS observations, including the spectro-
grams from the ESA and SST instruments on P2 and P4
where dropouts and intensifications match one to one with
simulated spectrograms. Our simulation shows that the
VDIS observed in the Cluster spectrogram is formed by

H+ ions, whereas the additional structuring in the plasma
sheet is due to O+ ions.
[35] 3. Prior to substorm onset, ionospheric O+ ions make

an appreciable contribution to the densities and current
densities at the THEMIS spacecraft locations. An injection
of H+ ions at substorm onset diminishes the relative
contribution of O+. The combined density of H+ and O+

ions is in excellent agreement with the densities observed by
THEMIS P3.
[36] 4. The strong injection of >100 keV ions observed by

P3 and P4 at substorm onset results from ions originating in
the dawnside LLBL and experiencing nonadiabatic accel-
eration in the ‘‘wall’’ region [Ashour-Abdalla et al., 1992a,
1992b]. This region of stretched field lines is characterized
by low k, and high ETOT and EIND.
[37] In addition to these specific results, our MHD + LSK

simulations clearly show that the mechanism of nonadia-
batic acceleration, especially in the wall region, is adequate
for explaining the observed ions, and no additional physics
need be invoked.
[38] One of the most significant results of this study is

that the simulations were able to reproduce the observed
energization of ions seen by P3 and P4. In previous studies
[Ashour-Abdalla et al., 1992a, 1992b] using a 2-D reduction
of the Tsyganenko [1989] magnetic field model and a
uniform dawn-dusk electric field, we showed that the
different regions of the plasma sheet could be characterized
by varying values of k. In the region near the x line, k < 1
and the particles can be described as quasiadiabatic. In the
other extreme, close to the Earth, k > 1 and particle motion
conserves the first adiabatic invariant. Between these two
regions, in the wall region, k � 1 and the particles are truly

Figure 13. Crossings of the maximum pressure surface in the magnetotail by selected particles passing
through a detector at P3 between 0155 UT and 0156 UT (see section 6). (a and d) Color coding give the
energy of the particles. (b and e) Color coding gives the total electric field magnitude. (c and f) Color
gives the induced electric field magnitude. In Figures 13a, 13b, and 13c the particles are from the solar
wind source while in Figures 13d, 13e, and 13f they are the ionospheric source. The black lines show the
location of the neutral lines in the tail (BZ = 0) at 0155 UT.
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chaotic. We found that particle energization was the largest
in this region of the magnetotail. Examination of single
particle trajectories showed that once ions entered the wall
region, they moved rapidly along the y axis, gaining energy

continuously while remaining trapped in the current sheet.
In the present study, where we have used the three-
dimensional MHD simulation to obtain electric and mag-
netic fields, we see similar behavior. Figures 13–15 clearly
show that ions experienced rapid acceleration and duskward
motion in the wall region and gain the most energy there.
Figure 16 shows k for solar wind ions crossing the current
sheet plane between 1552 UT and 1553 UT. The black
curves in Figure 16 show the locations of the x lines at
1555 UT. The region between the x lines stretching from
yGSM � �10 RE to yGSM � 8 RE, where the ion energization
occurred, is clearly shown to be 1 < k < 2 (shown in red),
the range of k values delineating the wall region. However,
the magnetic topology of the 3-D magnetotail is much more
complicated, especially during a substorm, such that the
quasiadiabatic region is mostly absent, and is instead
replaced by a region populated by flux ropes tailward of
xGSM � �15 RE resulting in high k values (see El-Alaoui et
al. [2009] for a complete description of theMHD simulation
of this event). It is also interesting to note that the ion
trajectories shown in Figures 14 and 15 clearly show that
the ions never leave the current sheet in the wall region,
consistent with the results found in our previous studies.
When ions in the wall region encounter large electric fields
directed along their motion they gain energy very rapidly
(Figures 14 and 15). The appearance of the wall region in our
3-D modeling, and its profound effect on ions observed at
THEMIS just after substorm onset indicates that this is a
region of prime importance during substorms.
[39] Our results also highlight the importance of O+ ions

in the presubstorm period. A large substorm that occurred at
2300 UT on 29 February 2008 resulted in the outflow of O+

ions from the ionosphere. This outflow was detected by
Cluster beginning at �0000 UT and continued for at least
2 h. Both observations [e.g., Seki et al., 2001, 2002] and
simulation studies [e.g., Peroomian et al., 2006] have
shown that outflowing O+ can reach downtail distances
from 10 RE to tailward of 210 RE, and that O+ in the lobes is
readily available to the magnetotail current sheet at the onset

Figure 15. An ionospheric O+ ion reaching P3 at 0155
UT–0156 UT, in the same format as Figure 14.

Figure 14. (a) Three-dimensional plot of the trajectory of
a solar wind ion. The trajectory has been color coded with
the particle’s energy. The white lines are field lines along
the particle’s trajectory. (b) The ion energy (black curve)
and the value of k (red curve) along the trajectory as a
function of time. (c) The total electric field and (d) the
induced electric field as a function of time along the
particle’s trajectory.

Figure 16. Average k values for solar wind ions crossing
the current sheet between 1552 UT and 1553 UT.
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of activity. Whether it is in decreasing the threshold for the
ion tearing mode [Baker et al., 1982], enhancing tail
stretching during the growth phase [Daglis et al., 1990],
or decreasing the Alfvén speed and consequently the
reconnection rate [Shay and Swisdak., 2004], O+ ions are
clearly in the right place at the right time, with significant
densities. More importantly, our LSK simulation results are
clearly complementary to the THEMIS observations in that
the spacecraft cannot distinguish between ion species. Our
results show that a significant portion of the densities
measured by THEMIS, especially prior to substorm onset,
is due to upflowing O+ ions observed by the Cluster
spacecraft for several hours during this event.
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