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[1] Using CLUSTER/CODIF data from close to �19 Re in the magnetotail, we have
performed a superposed epoch analysis of storm time and nonstorm substorms to
determine how the ion composition changes during a substorm. We find that the median
O+ density and pressure in the plasma sheet are a factor of 5 higher during storm times
than during nonstorm times. However, we do not observe significant changes in the
composition during a substorm that would indicate that ionospheric outflow is playing a
dynamic role in loading the plasma sheet or triggering the substorm at this location. There
are differences between the storm time and nonstorm substorms, and it is intriguing to
consider whether the composition differences play a role. The storm time substorms
exhibit more loading and faster unloading than the nonstorm substorms. In addition, we
observe differences in the H+ and O+ behavior at onset in the storm time substorms that we
attribute to the different dynamics of the two ion species at the reconnection site and
during the field reconfiguration due to their different gyroradii. The H+ density and
pressure decrease over the whole energy range at substorm onset, while the O+ density and
pressure decrease less, and the O+ temperature increases. That more O+ is left after
substorm onset indicates that either the O+ is more quickly replenished from O+ in the
lobes and/or that the more energetic O+, due to its larger gyroradius, is not depleted when
the field reconfigures and is accelerated in the thin current sheet.
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1. Introduction

[2] The purpose of this paper is to determine the differ-
ences between H+ and O+ behavior in storm time and
nonstorm substorms and, from these observations, to
determine if additional O+ in the plasma sheet has an
impact on substorm behavior. It is well known that the O+

content of the ring current increases during storms. Since
the ring current is formed by increased convection from
the nightside plasma sheet, it would be expected that the
plasma sheet also contains significant O+ during these

times. However, it has not been established whether the
plasma sheet during active substorm times always has
significant O+ or whether it is only present during storm
times. The O+ content of the plasma sheet is known to
increase with activity [Lennartsson and Shelley, 1986], but
no study has specifically shown a difference between
storm time and nonstorm time activity. Individual case
studies [Kistler et al., 2005; Nose et al., 2005] have shown
examples where O+ is in fact the dominant ion species in
the plasma sheet during storm time events. The source of
O+ in the magnetosphere is outflow from the ionosphere in
the high-latitude regions, from both the dayside cusp and
the nightside aurora [Yau et al., 1984, 1985]. Both the
cusp outflow and the nightside outflow increase with
magnetospheric activity [Yau et al., 1985; Wilson et al.,
2004; Oieroset et al., 1999]. Modeling of single particle
trajectories [Winglee, 2003] has shown that heavy ions
from both the cusp and the nightside aurora have prefer-
ential access to the nightside near-Earth plasma sheet.
Sauvaud et al. [2004] showed examples both of an
injection of O+ from the nightside aurora into the plasma
sheet, and O+ beams in the lobes, which presumably came
from the cusp, confirming that both sources are observed
in the near-Earth tail during active times. Thus we expect
that when ion outflow is high, the near-Earth plasma sheet
will be heavy-ion rich.
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[3] A high concentration of heavy ions in the plasma
sheet may have an impact on the dynamics of the plasma
sheet. The higher mass density would decrease the Alfven
speed which would be expected to decrease the reconnec-
tion rate [Shay and Swisdak, 2004]. In addition, the higher
mass density could decrease the threshold for the ion tearing
mode instability, as suggested by Baker et al. [1982],
making reconnection more likely to occur. This instability
is triggered when the ions become unmagnetized in the thin
plasma sheet. Because the growth rate is proportional to the
ion gyroradius, a large heavier ion content increases the
instability. Baker et al. [1985] looked for evidence of this in
the CDAW 6 event. This event consisted of two substorms.
The first one was localized in the 0200–0300 LT sector and
occurred when the plasma sheet was predominantly com-
posed of H+ and He++. This first substorm resulted in
significant O+ being added to the plasma sheet. The second
substorm occurred much farther westward than the original
substorm. They interpreted this as an example where the
increased O+ abundance in the plasma sheet may have
effected the location of the substorm onset.
[4] Daglis et al. [1990] observed that in the near-Earth

(8–9 Re) plasma sheet during a substorm, the largest
increase in energy density was observed for O+, and the
O+ energy density peaks just prior to the flux dropout. They
suggest that O+ contributes to the curvature current in this
region, accelerating the tail stretching during the growth
phase. In order to test whether O+ does make the magneto-
tail more unstable, Lennartsson et al. [1993] performed a
statistical study using the ISEE data set, looking explicitly
for evidence that more or larger substorms were triggered
when O+ was enhanced, either due to geomagnetic activity,
as measured by AE, or due to enhanced EUV. They found
that the O+ had no effect. Daglis and Sarris [1998] argued
that the long time averages used in the Lennartson study
would mask the effects of O+, if they were from short-lived
localized enhancements. Additionally, it is possible that the
increase occurs at energies below the 100 eV lower limit of
the ISEE instrument. At this point, more evidence is needed
to substantiate the potential influence of O+.
[5] If storm time substorms have more oxygen, it is

possible that this impacts the development of the storm.
The relationship between storms and substorms, and whether
substorms that occur during storms are different from other
substorms is controversial. Baumjohann et al. [1996] per-
formed a superposed epoch analysis of plasma moments
(without composition) and magnetic field data from 10 to
20 Re using AMPTE/IRM data and found that the dipola-
rization during storm time substorms occurred immediately
after substorm onset, and the average magnetic elevation
angle reached nearly 50 degrees, whereas the average
dipolarization during nonstorm substorms is much
more gradual and reaches a maximum elevation of only
15 degrees. In addition, they found that the temperature was
higher during storm time substorms, both before and after
onset. They conclude that the significant dipolarization
during storms would bring the heated plasma close to Earth,
contributing to the decrease in the Dst. McPherron and Hsu
[2002] performed a similar study with a larger data set and
found no significant differences between the time profile of
the dipolarization and percent change of the total pressure
between their storm time and nonstorm events. They also

found no significant differences between the changes in Bz
in the lobe or the central plasma sheet between storm and
nonstorm times. Thus they concluded that there was no
qualitative difference between the substorm types. Schoedel
et al. [2002] compared the average plasma moments in the
plasma sheet during storm times and nonstorm times. They
found enhanced rates of earthward flux transport during
storm times in the 20–30 Re plasma sheet, and significantly
reduced rates further in. They hypothesized that this may
explain the need for the stronger dipolarizations observed
by Baumjohann et al. [1996].
[6] The role of composition in storms and substorms is

also controversial. Fu et al. [2002] showed that there was
substantially more O+ in storm time substorm injections
than in nonstorm events. However, Grande et al. [2003],
using CRRES data, found little change in Dst associated
with substorms that occurred during a storm. In addition,
using a superposed epoch analysis of dispersionless injec-
tions, they found that while the O+/He++ density ratio was
higher during storm times, indicating a greater ionospheric
source, the change in composition during the substorm was
about the same. Thus they conclude that the additional O+

observed in storm time substorms does not make the sub-
storms dynamically different. Korth et al. [2003], on the
other hand, examining individual storm time and nonstorm
time events in the CRRES data set, found that the O+/H+

energy density increase was significantly higher during
storm time substorms than during nonstorm substorms. It
is not clear why the different methods of analysis led to
different results in the near-geosynchronous region.
[7] In this study we use CLUSTER data to investigate the

differences between storm time and nonstorm time sub-
storms in the plasma sheet at about 19 Re, which is in the
vicinity of the near-Earth neutral line during a substorm. As
this is the location where reconnection is taking place, the
composition here should be the most important for deter-
mining whether the heavy ions are affecting the onset of
reconnection or the reconnection rate. We have scanned
individual events to determine whether the radial location of
reconnection is statistically different during storm time and
nonstorm time cases. We have then performed a superposed
epoch analysis of the different substorm types to determine
the statistical differences in the plasma composition and
composition changes and whether there are obvious differ-
ences in the plasma dynamics.

2. Instrumentation and Data Selection

[8] The CLUSTER satellites are in polar orbits with an
apogee of 19 Re and a perigee of 4 Re. The data used in this
study are from the CODIF sensor of the CIS instrument
[Reme et al., 2001] and the magnetometer instrument
(FGM) [Balogh et al., 2001]. CODIF measures the three-
dimensional distribution functions of the major ion species
over the energy per charge range 40–40,000 eV/e. It is a
combination of a top-cap electrostatic analyzer followed by
postacceleration of 15 kV and then a time-of-flight mea-
surement. It can resolve the major ion species, H+, He++,
He+, and O+. For this paper we will concentrate on
observations of H+ and O+ in the plasma sheet. The
moments of the distribution used in this study are calculated
over the energy range of 40–40,000 eV/e. This energy
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range is expected to include the bulk of the density and
pressure for most time periods, but there are cases where
significant populations may fall outside this range. In the
lobe regions there may be cold ions that contribute to the
density, which would be missed by this instrument. In
the plasma sheet, some fraction of the total pressure may
be missed because of the 40 keV cutoff. Kistler et al.
[1992], using an instrument on AMPTE/IRM with a higher
maximum energy range, determined the peak contribution
to the plasma pressure for H+ before and after substorm
onset for a number of events. Three of their events were for
time periods when IRM was close to apogee at 18.8 Re,
close to the CLUSTER apogee location. For these events,
the energy range with the maximum contribution to the
pressure after substorm onset was at 10–20 keV and the
contribution dropped off sharply above 30 keV. Before
onset, the peak contribution was always from lower ener-
gies. Thus for H+ we are confident that the majority of the
pressure is being measured. The O+ spectra are harder than
the H+ spectra after onset, so the peak contribution is at
higher energies. Thus the O+ pressure moment may be
missing some of the pressure after substorm onset. In some
storm time postonset time periods, the contribution to the
pressure is still increasing at the highest CODIF energy
channel. Thus after onset, the O+ pressure is underestimated
in some cases. The contribution to the density, however, is
not significant above 40 keV.
[9] To identify substorm onsets, we first identified time

periods when the CLUSTER satellites were located in the
magnetotail, encountering the plasma sheet either intermit-
tently or continuously, between 2030 and 330 MLT during
the years 2001–2004. For these time periods, we used both
observations of dispersionless injections at geosynchronous
orbit using LANL proton and electron data, and observa-
tions of auroral brightenings using the IMAGE FUV satel-
lite to identify onsets. Independent lists of onsets from the
two data sets were compiled. The 2001–2002 onsets
identified using IMAGE/FUV are given by Frey et al.
[2004]. Altogether there were 451 substorm onsets identi-
fied during these times. Each onset was put into one of three
categories: (1) onset time agrees within 10 min from the two
data sources, (2) a clear onset is observed in one data set,
while the other data set has no data, or (3) there is a clear
onset in one data set, and no corresponding onset in the
other. Events that fell into the first two categories were used
for this study. Out of the 451 onsets, 138 were observed in
both data sets, 195 were observed by LANL satellites when
IMAGE had no data, and 11 were observed by IMAGE
when the LANL satellites had no data, giving a total of 344
events satisfying categories 1 and 2. Forty events were
observed by LANL, with no corresponding onset observed
in IMAGE, and 67 events were observed in IMAGE with no
corresponding event in the LANL data. These events were
not used. The events were then categorized as main phase
storm time, recovery phase storm time, or nonstorm time. A
time period was considered a storm if the minimum Dst
reached a value less than �50 nT. The main phase includes
the time from the beginning of the storm, judging by either
the start of a sudden storm commencement (SSC), or the
start of the drop in Dst, to 2 hours after the minimum Dst.
Recovery phase events include data from 2 hours after the
minimum Dst, until the Dst returns to its prestorm value.

Finally, the main emphasis of the data analysis was on the
behavior of the central plasma sheet. Thus for the super-
posed epoch analysis described in the next section, there
had to be data from the central plasma sheet, defined as beta
>1.0, during the 4 hour interval from 2 hours before to
2 hours after substorm onset. There were 33 main phase
substorms, 32 recovery phase substorms, and 138 nonstorm
substorms that satisfied all criteria and had CLUSTER/
CODIF data in the central plasma sheet. Figure 1 shows
the distribution of these events projected into the X-Y and
X-Z planes. From top to bottom, Figure 1 shows the
spacecraft location for the nonstorm, storm main phase,
and storm recovery phase substorm onsets.

3. Data Analysis

3.1. Two Individual Substorm Events

[10] Figure 2 shows data from two substorms. On the left
is shown data from a substorm on 11 October 2001, which
occurred during a nonstorm period, and on the right is data
from a substorm on 1 October 2001, which occurred during
the main phase of a geomagnetic storm. The same two
substorms were shown by Kistler et al. [2005]. Figure 2a
gives the total pressure (magnetic plus plasma). Figure 2b
gives the plasma beta. In both cases the satellites remained
in the central plasma sheet, with beta around 1, throughout
the time period. Figures 2c and 2d show the H+ and O+

differential flux, as a function of energy. Figure 2e shows
the H+ velocity in x. Figure 2f gives the current sheet
thickness, determined using a fit to two-spacecraft data
using a Harris current sheet model. Figure 2g gives the
H+ (black) and O+ (blue) average pressure, and Figure 2h
gives the pressure ratio. Figure 2i gives the H+ (black) and
O+ (blue) density, and Figure 2j gives the density ratio. The
substorm onset is marked by a vertical line. In these two
cases, the onset was determined from dispersionless injec-
tions at geosynchronous orbit, as IMAGE FUV had no data.
The similarities between the two events are striking. Both
clearly show an increase in total pressure prior to substorm
onset, followed by a decrease just after substorm onset,
indicative of the classic loading and unloading of the
magnetosphere. Both show tailward flows which begin at
substorm onset, followed by earthward flows, indicating
that the reconnection line first formed earthward of the
spacecraft, and then moved tailward. The tailward flows are
more pronounced in the nonstorm case, possibly because
the satellite was located closer to the neutral sheet. Both
show current sheet half-thicknesses which thin down to
around 1000 km following substorm onset. There are also
differences between the two events. First, the total pressure
of about 1.0 nPa observed during the storm time event is
significantly higher than the pressure of about 0.3 nPa
observed during the nonstorm event. In addition, the pres-
sure drops more quickly in the storm time event. Second,
there is significantly more O+ during the storm time event.
This is clear in the energy spectra and both the pressure and
density plots. During the storm time event, a low-energy
component is present in the O+ that is not there during
nonstorm times. The O+ density and pressure increase
throughout the growth phase, but the H+ increases as well,
so that overall, the O+/H+ density and pressure ratios are
relatively flat throughout the growth phase.
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[11] At substorm onset, the storm time data show a much
sharper change in the energy spectra (Figures 2c and 2d)
than in the nonstorm case. The H+ becomes significantly
depleted so that it is almost absent from 0942 to 0956. The
O+ is depleted below about 5 keV, but an energetic
component remains. In the nonstorm case, the strong
depletion is not observed, and there are only minor changes
between the preonset and postonset plasma sheet spectra.
These same differences are evident in the pressure and
densities. In the storm time case, the H+ density and
pressure decrease much more than the O+ just after sub-

storm onset, with the result that the O+/H+ ratios (Figures 2h
and 2j) are the highest about 20 min after substorm onset. In
the nonstorm case, the O+/H+ ratio remains relatively
constant throughout the event, except for a few small
excursions. This paper will examine whether these differ-
ences are representative of the differences between the two
types of substorms.

3.2. Statistical Event Analysis

[12] The two events shown both occurred when the
CLUSTER satellites were close to a neutral line. If the

Figure 1. CLUSTER spacecraft location projected into the X-Y and X-Z GSE plane at substorm onset
for the events used in this study. The events shown are only the events in which CLUSTER had data in
the central plasma sheet (Beta >1). From top to bottom are the nonstorm events, the storm main phase
events, and the storm recovery phase events.

A11222 KISTLER ET AL.: COMPOSITION CHANGES DURING SUBSTORMS

4 of 12

A11222



F
ig
u
re

2
.

D
at
a
fr
o
m

C
lu
st
er

S
/C

4
fo
r
tw
o
su
b
st
o
rm

s,
a
n
o
n
st
o
rm

su
b
st
o
rm

o
n
11

O
ct
o
b
er

2
0
0
1
fr
o
m

0
2
3
0
to

0
4
3
0
an
d
a

st
o
rm

ti
m
e
su
b
st
o
rm

o
n
1
1
O
ct
o
b
er

2
0
0
1
fr
o
m

0
8
3
0
to

1
0
3
0
.
(a
)
T
h
e
to
ta
l
p
re
ss
u
re

(p
la
sm

a
p
lu
s
m
ag
n
et
ic

fi
el
d
),
(b
)
th
e

p
la
sm

a
b
et
a,
(c
)
H
+
d
if
fe
re
n
ti
al
fl
u
x
v
er
su
s
en
er
g
y
an
d
ti
m
e,
(d
)
O
+
d
if
fe
re
n
ti
al
fl
u
x
v
er
su
s
en
er
g
y
an
d
ti
m
e,
(e
)
H
+
v
el
o
ci
ty

in
X
g
se
,
(f
)
th
e
cu
rr
en
t
sh
ee
t
th
ic
k
n
es
s,
(g
)
H
+
(b
la
ck
)
an
d
O
+
(b
lu
e)

p
re
ss
u
re
,
(h
)
O
+
/H

+
p
re
ss
u
re

ra
ti
o
,
(i
)
H
+
(b
la
ck
)
an
d
O
+

(b
lu
e)

d
en
si
ty
,
(j
)
O
+
/H

+
d
en
si
ty

ra
ti
o
.
In

b
o
th

ca
se
s,
su
b
st
o
rm

o
n
se
t
is
sh
o
w
n
w
it
h
h
o
ri
zo
n
ta
l
li
n
e.

A11222 KISTLER ET AL.: COMPOSITION CHANGES DURING SUBSTORMS

5 of 12

A11222



neutral line formed further tailward, we would not expect to
see the tailward flows or such thin current sheets. Nagai et
al. [2005] studied the location of the reconnection line
during different phases of the solar cycle using Geotail.
While the early Geotail results from solar minimum showed
that the reconnection events were only observed outside X =
�21 Re, with the highest occurrence outside 25 Re, the
solar maximum results, which include the 2001–2003
period, showed the neutral line occurring between 17 and
31 Re, with approximately equal occurrence throughout this
range. Thus the CLUSTER apogee is inside the average
location, but well within the range where the neutral line
occurs. Nagai et al. [2005] also found that that the location
depended on solar wind input, particularly on the energy
input given by �Vx � Bs, where Vx is the x component of
the solar wind velocity and Bs is the southward component
of the interplanetary magnetic field. Thus there may be a
systematic difference in where the neutral line occurs
between our storm time and nonstorm time events. A
systematic difference would result in different character-
istics in the superposed epoch analysis due to that effect
alone. In order to determine if the location of the neutral line
is systematically different between our storm time and
nonstorm time events, we cataloged the timing of lobe
encounters for our different types of substorms. While
observations of tailward flows are a strong indication that
a neutral line formed earthward of the spacecraft, to make
the observation requires that the spacecraft be located in the
central plasma sheet at just the right time. Observations of
lobe encounters are a more statistical way of determining
where the spacecraft is with respect to the neutral line. If the
spacecraft is sufficiently earthward of the neutral line, the
plasma sheet thins during the growth phase and expands at
substorm onset, due to the field dipolarization. This is the
behavior typically observed at geosynchronous orbit. Thus
statistically, the spacecraft would be more likely to be in the
lobe before onset than after. In the vicinity of the neutral
line, the plasma sheet becomes the thinnest at substorm
onset, when the neutral line forms. Thus the spacecraft
would be most likely to enter the lobe at onset. Each
substorm was categorized according to when it entered the
lobe. The categories were (1) no lobe encounter, (2) satellite
entered the lobe and reentered the plasma sheet before
substorm onset, (3) spacecraft entered the lobe before sub-
storm onset and reentered the plasma sheet after substorm
onset, (4) spacecraft enters lobe at onset, (5) spacecraft
enters lobe after substorm onset, (6) unclear. Category 6

includes events that had multiple lobe encounters or that
were in the lobe for most of the time interval so that the
behavior of the plasma sheet could not be determined. Table 1
summarizes the data for the lobe encounters. For the storm
time, recovery, and nonstorm substorms, Table 1 shows the
number of events in each category, the percent of the total
events, the percent of the events, excluding events with no
lobe encounter and unclear events, and the statistical error in
the percent, excluding no-lobe and unclear events. The
reason for excluding no-lobe and unclear events is that they
give no indication of the plasma sheet thinning and expand-
ing behavior. The three types of events give about the same
distribution of lobe encounters. In particular, the fraction of
the events with a lobe encounter in which the spacecraft goes
into the lobe right at onset, which is a good indication of
being close to the neutral line, is 52%, 43%, and 48% for
storm time, storm recovery, and nonstorm, respectively.
These are the same, within the statistical error. Thus we
conclude that the large-scale behavior of the plasma sheet
does not vary significantly for our three types of events, and
we infer from this that the average radial location of the
neutral line does not vary significantly from storm time to
nonstorm time in our data set. We recognize that this method
is not definitive but still gives a reasonable indication, given
the limited data set.

3.3. Superposed Epoch Analysis

[13] A superposed epoch analysis was performed using
moments data from the CLUSTER CIS instrument and the
magnetic field data from the FGM instrument. The full data
set consists of H+ and O+ moments from the 2001–2004
time periods. We include data when the CLUSTER satellite
apogee is in the magnetotail, defined to be when the
satellite MLT is between 2030 and 0330. The time periods
used each year cover approximately July through the
middle of November. The moments are calculated from
three-dimensional distributions, averaged to 1-min time
resolution. S/C 4 data were mainly used because the
CLUSTER/CIS instrument on S/C 4 had the best coverage
for the time period. If S/C 4 data were not available, S/C
1 data were used. For each 1-min data point, a beta criterion
was used to determine if the satellite was in the central plasma
sheet (beta >1), the outer plasma sheet (0.1 < beta <1), or in
the lobe (beta <0.1). The data were then organized by
substorm onset time. The 4-hour time period around sub-
storm onset was divided into 10-min intervals for accumu-
lation. For each 1-min data point, the time interval and
whether the satellite was in the inner plasma sheet, the outer

Table 1. Statistical Data on When Lobe Encounters Occur During Storm Time, Storm Recovery Phase, and Nonstorm Substorms

No Lobe Before Onset During Onset At Onset After Onset Unclear Total

Storm Count 4 1 8 21 10 6 50
Percent of total 8.00% 2.00% 16.00% 42.00% 20.00% 12.00%
Percent, excluding no-lobe 2.50% 20.00% 52.50% 25.00%
Statistical absolute error 2.53% 7.75% 14.15% 8.84%
Recovery count 10 5 11 16 5 3 50
Percent of total 20.00% 10.00% 22.00% 32.00% 10.00% 6.00%
Percent, excluding no-lobe 13.51% 29.73% 43.24% 13.51%
Statistical absolute error 6.44% 10.21% 12.94% 6.44%
Nonstorm count 73 18 42 71 18 22 244
Percent of total 29.92% 7.38% 17.21% 29.10% 7.38% 9.02%
Percent, excluding no-lobe 12.08% 28.19% 47.65% 12.08%
Statistical absolute error 3.01% 4.92% 6.87% 3.01%
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plasma sheet, or the lobe was determined. The data were
then added to the appropriate bin. The data points from each
event in a 10-min interval were averaged. Finally, we take
the median of the event averages in each time interval. The
median was used to give the most representative values for
each parameter. Because storm times, by definition, include
the most active time periods, some very large events were
found to disproportionately affect the average, while the
median was not significantly affected by a few outliers.
[14] The study was done in two phases. The 2001–2002

events were first analyzed, and then an additional 2 years
were added in order to obtain better statistics for the storm
data. However, the solar cycle was changing during these
years. The first 2 years occurred during solar maximum,
while 2003 and 2004 occurred during the declining phase,
and there are some systematic differences between the
years. We will mainly present data from the full time period
2001–2004 analysis. We will then discuss some systematic
differences that were observed as a function of time.
[15] Figure 3a shows the median total pressure (plasma

pressure plus magnetic pressure) for the three substorm

types, main phase storm (solid), recovery phase storm
(long-dashed), and nonstorm (short-dashed) for the 2001–
2004 data set. Because there is pressure balance across the
plasma sheet, we use the data from all regions (inner plasma
sheet, outer plasma sheet, and lobe) to contribute to this
plot. All substorm types show the standard pattern expected
due to loading: the pressure increases during the growth
phase of the substorm and then decreases, starting at sub-
storm onset. The clear difference between the three lines is
that the total pressure is significantly higher during the main
phase storm. Figure 3b shows the median solar wind
pressure during these same events. This pressure was
determined using the ACE solar wind data, or WIND data
if ACE was not available. The solar wind data was time-
shifted to the time when it would reach the CLUSTER tail
location, based on the solar wind velocity. The average solar
wind pressure during the main phase storms is significantly
higher than during nonstorm or recovery times, and this is
then reflected in the tail pressure. In order to more easily
compare the changes in the pressure, we plot the total
pressure (solid line) and the solar wind pressure (dashed
line) on the same plot in Figure 3c for the nonstorm and
main phase storm cases. Note that the scales cover the same
dynamic range, one order of magnitude, but are shifted by a
factor of 5. The overall higher pressure during the main
phase periods is a result of the increased solar wind
pressure. However, in addition, the storm time pressure
shows a greater increase during the growth phase and a
faster decrease after substorm onset. The pressure during
main phase reaches a minimum about 30 min after substorm
onset, while the nonstorm case takes almost an hour. Thus
the storm time substorms seem ‘‘bigger,’’ with more loading
and unloading. Figure 4 shows the elevation angle of the
magnetic field in the central plasma sheet for the three types
of substorms. The storm time substorms show a faster rise
in elevation and reach a higher elevation (40 degrees) than
the nonstorm substorms. This is consistent with a bigger,
faster unloading during storm times.

Figure 3. (a) Median total pressure in the magnetotail as a
function of substorm superposed epoch time for main phase
storm time (solid), recovery phase storm time (long dashed)
and nonstorm (short dashed) substorms, (b) median solar
wind pressures for the same substorm types, (c) overplot of
total pressure (solid line) and solar wind pressure (dashed
line) for the main phase storm substorms and nonstorm
substorms.

Figure 4. (a) Median magnetic elevation angle in the
central plasma sheet as a function of substorm superposed
epoch time for main phase storm time (solid), recovery
phase storm time (long dashed), and nonstorm (short
dashed) substorms.
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[16] Figure 5 shows the median central plasma sheet H+

pressure, density, and temperature. Since the pressure is
carried by the plasma in the central plasma sheet, we would
expect the plasma pressure to also be higher during the
storm times and that is what is observed. The density
profiles are very similar to the pressure profiles. The H+

temperature is remarkably constant throughout the time
period and shows little variation between events and for
the different types of substorms. Note that the H+ temper-
ature is plotted on a linear scale so that small variations
would be seen. Figure 6 shows the median central plasma
sheet O+ pressure, density, and temperature during the
substorms. Again, the pressure and density show very
similar profiles. The O+ density and pressure is about a
factor of 5 higher during the storm than during the nonstorm
time periods. The O+ pressure decreases more slowly after
onset than the H+ pressure. This is consistent with what was
observed in our individual events. Note that after onset,
when the O+ spectra are harder, some fraction of the O+

pressure may be missed, so the increase at substorm onset

may be greater than shown. The temperature of the O+

shows a clear increase during the storm time substorms, and
again, this may be an underestimate since there is more
energetic O+ after onset. The O+ temperature does not
change significantly for the nonstorm case.
[17] Figure 7 shows the O+/H+ pressure and density

ratios. Overall, the O+/H+ ratio is highest for main phase
storms and lowest for nonstorm time periods. Even for the
storm time periods, the ratio remains almost constant during
the growth phase. However, the pressure ratio does increase
at onset for the main phase substorms. This is because there
is a sudden loss of H+ at substorm onset, while the O+

pressure decreases more slowly, leading to the highest O+/
H+ ratio just after onset for storm time substorms. Again,
including the additional pressure from high-energy O+

which falls outside the range of the instrument, would lead
to an even greater increase of the O+/H+ pressure ratio at
substorm onset.
[18] The data shown so far has been for the years 2001–

2004. Four years are necessary to obtain statistically valid
results for the storm time periods. However, there are many

Figure 5. Median H+ (a) pressure, (b) density, and
(c) temperature in the central plasma sheet as a function
of superposed epoch time for main phase storm time (solid),
recovery phase storm time (long dashed), and nonstorm
(short dashed) substorms.

Figure 6. Median O+ (a) pressure, (b) density, and
(c) temperature in the central plasma sheet as a function
of superposed epoch time for main phase storm time (solid),
recovery phase storm time (long dashed), and nonstorm
(short dashed) substorms.
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more nonstorm substorms, so the nonstorm data can be used
to look for solar cycle dependencies by comparing the solar
maximum 2001–2002 data with the 2003–2004 data from
the declining phase of the solar cycle. Figure 8 compares the
total pressure (plasma plus magnetic field), and the central
plasma sheet H+ pressure, density, and temperature for the
nonstorm substorms in the 2001–2002 time period and the
2003–2004 time period. The total pressure is lower during
2001–2002 than during 2003–2004. The average H+ pres-
sure in the central plasma sheet is essentially identical for
the two time periods. However, the 2001–2002 time period
had higher average density and lower average temperature
than the 2003–2004 time period. Also, the 2001–2002 time
period does show a temperature increase at substorm onset,
while the 2003–2004 data shows a slight decrease. Thus the
4-year data set, shown in Figure 5c, showed no change at
all. Figure 9 shows the average solar wind pressure, density,
temperature, and velocity for these same nonstorm substorm
time periods. With the change in the solar cycle, these
parameters have changed significantly. The pressure is
lower during 2001–2002 than during 2003–2004. This
lower pressure is consistent with the lower pressure ob-
served in the tail. The solar wind density is higher during
2001–2002, again consistent with observations in the
plasma sheet. Finally, the solar wind velocity and temper-
ature are both lower during 2001–2002, when the lower
temperature was observed in the plasma sheet. Thus the
changes in the solar wind with solar cycle change the
average parameters observed in the plasma sheet during
nonstorm times. The O+ parameters for these nonstorm

Figure 7. The O+/H+ (a) pressure ratio and (b) density
ratio as a function of superposed epoch time for main phase
storm time (solid), recovery phase storm time (long dashed),
and nonstorm (short dashed) substorms.

Figure 8. Comparison of (a) total magnetotail pressure and (b) central plasma sheet H+ pressure, (c) H+

density and (d) H+ temperatures for the 2001–2002 and 2003–2004 nonstorm time periods.
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substorms (not shown) were not statistically different for the
nonstorm time periods in 2001–2002 and 2003–2004.

4. Discussion and Conclusions

[19] We have used 4 years of CLUSTER tail pass data to
determine the statistical differences between storm time and
nonstorm time substorms. The two clear differences ob-
served between these two types of substorms are that the
average O+ content of the plasma sheet is a factor of 5
higher during storm times than during nonstorm times and
that the average solar wind pressure, and therefore the
average tail pressure, is a factor of 2 higher. The O+ during
storms is higher than the nonstorm cases well before sub-
storm onset, and although the density and pressure of both
H+ and O+ increase during the growth phase, the O+/H+

ratio remains relatively constant.
[20] These results are consistent with observations of

outflow in the auroral regions. Wilson et al. [2004] used
FAST/TEAMs data to determine ion outflow as a function
of substorm phase. They divided substorms by apparent size
and duration into small, medium, and large substorms. They
found that while there was an increase in outflow at
substorm onset, the bigger difference in outflow was ob-
served between the different types of substorms. That is, the
bigger substorms had more outflow during the growth phase
than the smaller substorms had at their peak. During very
active times, there is just more outflow overall. Similarly, in
the 19 Re plasma sheet we observe that there is more O+

overall during the very active (storm) times. If there are any
additional effects of direct substorm-related outflow either
during the growth phase or at onset, they are masked by the

effects of the global substorm changes, both the loading/
unloading and the changes in field-line mapping, observed
in this region.
[21] H+ and O+ behavior during the storm time substorms

differ at substorm onset. The H+ number density and
pressure both decrease more rapidly than the O+. It is
mainly the decrease in H+ that leads to the high O+/H+

ratio just after onset. In addition, the O+ temperature
increases, while the H+ temperature remains about the same.
These results indicate that the effect of reconnection and
magnetic field reconfiguration at onset on the H+ and O+ is
quite different. It may be that both the H+ and O+ from the
preonset plasma sheet are transported away from the recon-
nection line at onset, leaving a depleted plasma sheet but
that the O+ is then replenished more quickly. O+ beams are
observed on lobe field lines during active times [Sauvaud et
al., 2004] and so may enter and be heated in the reconnec-
tion process to replenish the plasma sheet. Because there is
not as much H+ on the lobe field lines, there is little direct
entry of H+ at the near-Earth reconnection site and so it is
replenished more slowly. Alternatively, it may be that
because of its larger gyroradius, the energetic O+ is demag-
netized so that it is not swept down the tail or earthward,
along with the H+ and low-energy O+, when the tail
reconfigures. This energetic O+ also gets energized non-
adiabatically by the crosstail electric field [Kistler et al.,
2005]. This could explain why the low-energy O+ decreases
at substorm onset, as observed in the storm time case in
Figure 2, while the energetic O+ increases.
[22] One puzzling result is that in contrast to the super-

posed epoch results of Baumjohann et al. [1996] and the
statistical results of Schoedel et al. [2002], no heating of the

Figure 9. Comparison of (a) solar wind dynamic pressure and (b) solar wind density, (c) solar wind
temperature and (d) solar wind velocity for the 2001–2002 and 2003–2004 nonstorm time periods.
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H+ is observed in any of the substorms, and the H+

temperature is not higher during storm times. Figure 8d
shows that for the 2001–2002 time period, there was a
modest increase in temperature, from 4 keV to 5.5 keV. The
increase observed by Baumjohann et al. [1996] was from
2.6 to 4.3 keV for nonstorm cases and 6 to 7.7 keV for
storm time cases. In both cases, the increase is about
1.7 keV, essentially the same as what we observe. Why this
is only observed in the 2001–2002 case is not known. The
AMPTE/IRM measurements used by Baumjohann were
from solar minimum so if there were a solar cycle effect
we would have expected closer agreement with the 2003–
2004 time period. The most likely explanation is that the
temperatures increase, if any, is small, and the differences
between the years and the data sets are within the statistical
variations expected from studies of this type.
[23] The comparisons of the two 2-year time periods

show that the solar wind parameters affect the average
plasma sheet densities and temperatures. This is consistent
with Borovsky et al. [1998], who showed that the density of
the plasma sheet is well correlated with the solar wind
density, that the plasma sheet temperature is well correlated
with the solar wind velocity, and that the tail pressure is
correlated with the solar wind ram pressure. In addition it
supports the results of Kistler et al. [1993], who showed that
the historical measurements of tail pressure at 20 Re were
well correlated with yearly averages of the solar wind
dynamic pressure. The solar cycle differences in the average
plasma sheet density and temperature had no effect on the
substorm loading and unloading, which was identical for the
two time periods.
[24] The H+ and O+ behavior at CLUSTER apogee of

19 Re can be contrasted with the near-Earth plasma sheet
(8–9 Re) behavior. Daglis et al. [1990] reported an increase
in O+ energy density (pressure) during the substorm growth
phase, which is greater than the H+ increase. We also
observe an increase in O+ pressure during the growth phase
in storm time substorms, but it is about the same as the H+

so that the O+/H+ ratio remains about the same. Thus we do
not see strong evidence for a substorm-related direct inflow
of ionospheric ions during the growth phase at this radial
distance. During storm times, we do observe an enhanced
ionospheric input, and in particular, Figure 2b showed a
low-energy component in the O+ that is not there during
nonstorm times, but this input does not increase during the
growth phase. In the preonset time periods, the peak
contribution to the pressure is well within the CODIF
energy range, so this result is not just due to the limited
energy range. The observed changes are consistent with the
tail responding to the increased pressure due to the loading.
If there is systematic increase in the amount of O+ coming
into the tail prior to substorm onset, it is not observed at
19 Re and therefore is not affecting reconnection onset.
[25] Daglis and Axford [1996] and Nose et al. [2005] both

report observing an increase in O+ and H+ energy density
(which is equivalent to particle pressure) at substorm onset,
with a larger increase in O+ than in H+. At 19 Re, H+ and O+

densities and pressures decrease at substorm onset, with the
H+ decreasing more so that the O+/H+ ratio peaks just after
substorm onset. This is not to say that we do not see an
average energy increase at 19 Re. In our energy range, we
do observe that the O+ energy is higher after substorm

onset, as shown in Figure 2.Moebius et al. [1987], using the
SULEICA instrument on AMPTE/IRM clearly showed the
flux increases of the energetic (>40 keV) ions at substorm
onset in this same 19 Re region, and Kistler et al. [1990]
showed that the spectral changes were very similar at IRM
apogee of 18.8 Re and CCE apogee of 8.8 Re. The different
energy ranges covered by the two studies explain part of the
difference. Nose et al. [2005] includes energies from 9 to
210 keV/e and Daglis and Axford [1996] includes energies
from 1 to 300 keV/e, while the moments in this paper
include 40 eV to 40 keV. Thus the energy range for this
study contains a better density measurement but is missing
some pressure, particularly for O+. However, the main
difference between the two regions can be understood from
the differences in the plasma sheet dynamics at the two
locations. The pressure in the tail-like plasma sheet at 19 Re
is dominated by the solar wind, and so the pressure
increases and decreases are controlled by the loading/
unloading behavior. Since the particles carry the majority
of the pressure in the central plasma sheet, these same
pressure changes are observed in the particle pressure. At
8–9 Re, the field shows the stretching and dipolarization
but not the increases and decreases in the total pressure. In
fact, the total pressure generally increases at substorm onset
in the near-Earth plasma sheet region, when the field
dipolarizes [Kistler et al., 1992]. In addition, in the stronger
magnetic field at 8–9 Re, the particles are not carrying the
majority of the pressure, so their pressure does not neces-
sarily reflect the changing external conditions. At 19 Re, the
ions are accelerated and heated, as they are further in, but
because pressure balance must be maintained in the tail, the
total energy density is still observed to decrease at substorm
onset.
[26] The high O+ content and high pressure observed

during storm time substorms lead to different initial con-
ditions for reconnection, and it is intriguing to consider
whether these differences cause the differences in the sub-
storms. The main difference between storm and nonstorm
substorms is that the pressure increase (i.e., the loading) is
greater during a storm time substorm and the pressure
decrease is faster. In addition, the magnetic field elevation
change is greater and faster after substorm onset during
storm time substorms, consistent with the results of
Baumjohann et al. [1996] but in contrast to the results of
McPherron and Hsu [2002]. If the reason for the difference
in the substorms is the enhanced O+, the results are in
contrast with the expected effects of heavy ions on recon-
nection. If the fast unloading indicates a fast reconnection
rate, that is opposite to the expectation based on the
decreased Alfven speed. Similarly, if the O+ decreases the
threshold for reconnection onset, we would expect the onset
to occur after less loading of the magnetosphere. Instead,
more loading is observed. There have been many different
trigger mechanisms suggested for substorm onset, some
involving internal instabilities and some involving external
triggering. That O+ does not have the expected effect of
decreasing the threshold for reconnection onset indicates
that a triggering mechanism other than the ion tearing mode
instability at the reconnection site is responsible for onset.
Unraveling the role that O+ does play will require more
detailed studies of the microphysics in this region.
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