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[1] We investigate variations of ion flux over the ionosphere and in the plasma sheet when
storm time substorms are initiated, using simultaneous observations of neutral atoms in the
energy range of up to a few keV measured by the low-energy neutral atom (LENA)
imager on board the Imager for Magnetopause-to-Aurora Global Exploration (IMAGE)
satellite, outflowing ion flux of <1 keVmeasured by the ion electrostatic analyzer (IESA) on
board the Fast Auroral SnapshoT (FAST) satellite, and energetic (9–210 keV/e) ion flux
measured by the energetic particle and ion composition (EPIC) instrument on board the
Geotail satellite. We examined three storm intervals during which the IMAGE or FAST
satellite was in a suitable location to observe ionospheric ion outflow and the Geotail
satellite was in the plasma sheet on the nightside. The neutral atom flux observed by
IMAGE/LENA in the first interval and outflowing ion flux observed by FAST/IESA in
the second and third intervals indicate that storm time substorms can cause increases of low-
energy ion flux over the ionosphere by a factor of 3–50 with time delay of less than several
minutes. In the plasma sheet, the flux ratio of O+/H+ is rapidly enhanced at the storm
time substorms and then increased gradually or stayed at a constant level in a time scale
of �1 h, suggesting a mass-dependent acceleration of ions at local dipolarization and a
subsequent additional supply of O+ ions to the plasma sheet which have been extracted from
the ionosphere at the substorms. These coordinated observations revealed that substorms
have both an immediate effect and a delayed effect (i.e., two-step effect) on the ion
composition in the plasma sheet.
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1. Introduction

[2] Recent studies revealed the ionosphere as an important
source of plasma to the plasma sheet and the magnetosphere.
Moore [1991] proposed a boundary called ‘‘density geo-
pause,’’ within which the ionospheric source is the dominant
contributor to the plasma. According to the multifluid MHD
simulation by Winglee [1998], the density geopause can be
extended down the tail to 10–65 RE during the southward
IMF (BZ = 0 to �5 nT). A large number of numerical
simulations were performed to trace ions of ionospheric
origin after they escaped from the ionosphere [e.g., Delcourt

et al., 1999; Chappell et al., 2000; Cully et al., 2003a]. They
found that most of such ions preferentially move into the
plasma sheet. Thus it is important to identify by observations
how much ions are outflowing from the ionosphere and how
it depends on the geomagnetic disturbances.
[3] Using the Dynamic Explorer (DE) 1 observation of

low-energy (0.01–17 keV) ions at altitudes of 16000–
23000 km, Yau et al. [1985, 1988] found a good correlation
between the ion outflow rate and the Kp index. As the Kp
index increased from 0 to 6, the O+ flux increased drastically
by an order (from 1–3 � 1025 s�1 to 1–3 � 1026 s�1), while
the H+ flux changed by a factor of �3 (from 3 � 1025 s�1 to
1 � 1026 s�1). With the similar data set from DE 1, Kondo
et al. [1990] revealed that the occurrence frequency of
various types of upflowing ions (beams, conics, and hybrid
types) increases much more rapidly with Kp for O+ than H+.
From observations of ion outflow in the energy range of
<20 eV at 6000–9000 km altitude by the EXOS-D satellite,
Abe et al. [1996] found that the O+ flux integrated over 60�–
75� invariant latitude increases with the Kp index by a factor
of �5 from Kp = 1 to 7. Extending the study of Abe et al.,
Cully et al. [2003b] showed that ion outflow rate is correlated
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with the Kp index and some solar wind parameters. They
concluded that the Kp dependence of H+ and O+ flux was
almost similar to that by Yau et al. [1985, 1988]; and that the
solar wind parameters exhibiting a strong correlation with the
outflow flux were the kinetic pressure, the electric field, and
the variation in the IMF. In these previous studies the 3-h Kp
index or the hourly averaged solar wind data (OMNI data)
have been used, suggesting that the reported good correlation
is correct only in a statistical or average sense. From these
results, it is not clear how the outflowing ion flux responds to
geomagnetic disturbances in a shorter time scale (<1 h).
[4] Some recent studies investigated a short time response

of the outflowing ion flux to auroral activities. Using the
measurements by the ion electrostatic analyzer (IESA) on
board the Fast Auroral SnapshoT (FAST) satellite, Tung et al.
[2001] examined the outflow flux during the 2 h interval
which is centered at substorm onset determined by the Polar/
UVI images. A peak of the outflow flux was found to appear
frequently after substorm onset (within 10–40 min after
onset; see their Figure 2). Wilson et al. [2001] also used the
FAST/TEAMS and Polar/UVI data statistically, and found
that the time delay between auroral intensification and the
most intense fluxes of escaping O+ ions is 5–12 min. The
similar but longer-term data set of the FAST and Polar
satellites led Wilson et al. [2004] to conclude that the ion
outflow rate at the nightside auroral zone reached its peak
level about 20 min after auroral brightenings, which is about
1.5–2 times larger than the preonset level. It should be noted
that the above studies focused on time delay between auroral
onset and peak time of outflowing ion flux, and the time delay
was supposed to be 10–20 min.
[5] In this study we intended to investigate how quickly

ion outflow rate responds to individual substorms, using data
obtained by the low-energy neutral atom (LENA) imager on
board the Imager for Magnetopause-to-Aurora Global Ex-
ploration (IMAGE) satellite and the FAST/IESA instrument.
Moreover, in order to investigate how the plasma sheet
ion composition changes during the identical substorm, we
examined simultaneous observations of energetic (9–
210 keV/e) ion flux in the plasma sheet made by the energetic
particle and ion composition (EPIC) instrument on board the
Geotail satellite.
[6] The rest of this paper is organized as follows. Section 2

introduces the data set. In section 3 we describe the event
selection procedure. We found 3 intervals during which the
IMAGE (or FAST) and Geotail satellites simultaneously
observed ions of ionospheric origin over the ionosphere
and in the plasma sheet. In section 4 satellite observations
will be displayed for the these intervals. It was found that
substorms caused rapid increases of both the outflowing ion
flux above the ionosphere and the O+/H+ energy density ratio
in the plasma sheet. The O+/H+ ratio subsequently increased
or stayed at a constant level with a time scale of 1 h. We will
discuss these observational results in section 5.

2. Instrumentation and Data Set

2.1. Measurement of Outflowing Ions Over
the Ionosphere

[7] The IMAGE satellite is a polar orbiting satellite with a
perigee of 1000 km altitude, an apogee of 8.2 RE, and an
orbital period of 14.2 h [Burch, 2000]. The satellite spins at

a rate of �0.5 revolution per minute and its spin vector is
antiparallel to the orbital angular momentum vector. The
LENA imager carried by the IMAGE satellite is designed to
detect neutral atoms in the energy range of �10 eV to a few
keVwith mass information [Moore et al., 2000]. In this study
we utilized data combining the H and O peaks in the time-of-
flight spectrum. The LENA imager has a field of view of ±45�
against a satellite spin plane which is divided into 12 polar
sectors. Because of the spin, the imager sweeps out 360� in
azimuthal direction which is divided into 45 azimuthal
sectors. This results in one 2-D complete image of neutral
atom flux covering an area of 90�(polar) � 360�(azimuth)
with a nominal 8� � 8� angular resolution at every 2 min.
Low-energy neutral atoms traveling from the direction of the
Earth are created by charge exchange processes from out-
flowing ionospheric ions, which are observed at altitude
higher than 2000–5000 km [Ghielmetti et al., 1978; Gorney
et al., 1981; Moore et al., 1986]. Thus we can investigate
temporal change of the low-energy ion flux over the iono-
sphere from the LENA data.
[8] The FAST satellite was launched on 21 August 1996

into an 83� inclination elliptical orbit with a perigee of 350 km
altitude and an apogee of 4175 km altitude [Carlson et al.,
1998]. Its orbital plane evolves throughout the year, thus the
satellite covers wide ranges of latitude, local time, and sea-
sons. The FAST satellite carries the IESA instruments which
measure ion flux over the energy range from 3 eV to 25 keV
in 48 energy steps [Carlson et al., 2001]. The IESA instru-
ments are mounted on opposite sides of the satellite in pair
and have 12�(polar) � 180�(azimuth) field of view individ-
ually, resulting in coverage of an unobstructed 360� field of
view in the azimuthal direction within the spin plane. This
360� field of view is divided by 32 angular bins. Since the
Earth’s magnetic field lies in the spin plane within a few
degrees in the auroral zone, a full pitch angle distribution of
ions can be obtained with angular resolution of �11�. Orig-
inal time resolution for one complete measurement (i.e., ion
flux in 48 energies and 32 pitch angles) is 78 ms, but in this
study we used 5-s average data.

2.2. Measurement of Energetic Ions in the Plasma
Sheet

[9] The Geotail satellite was placed in the near-Earth orbit
of�9� 30 RE in the fall of 1994 [Nishida, 1994] and surveys
the near-Earth and midtail plasma sheet frequently. Geotail is
equipped with the EPIC instrument which provides mass and
charge state information about ions with an energy/charge
range of 9 keV/e to 210 keV/e in eight spectral points
[Williams et al., 1994]. The instrument has a spatial coverage
of almost 4p sr with six identical telescopes having a field of
view of ±(0�–26.7�), ±(26.7�–53.3�), and ±(53.3�–80.0�) in
elevation with respect to the spacecraft spin plane. It takes
�24 s to get one complete energy spectrum for H+ ions, and
�48 s for O+ ions. From each energy spectrum we calculated
energy density (e) of H+ and O+ by the following equation:

e ¼
ffiffiffiffiffiffi
2m

p
p
X8
i¼1

X6
j¼1

ffiffiffiffiffi
Ei

p
Ĵ Ei; qj
� �

cos qjDEiDqj; ð1Þ

wherem is ion mass, Ei (DEi) is the center energy (the energy
band width) of the ith energy step, qj (Dqj) is the elevation
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angle (angular coverage in elevation angle) of the jth
polar sector, and Ĵ is the spin-averaged differential flux
[Nosé et al., 2001, 2003]. For statistical significance, we took
an average of energy density over 5 min, which is used in the
following analysis to examine temporal changes of ion
composition in the plasma sheet. We also used the magnetic
field data obtained by the magnetic field (MGF) instrument
[Kokubun et al., 1994] onboard the Geotail satellite.

3. Event Selection

[10] From the period of August 2003 through July 2004,
we selected time intervals during which IMAGE/LENA or
FAST/IESA made an observation of ions of ionospheric
origin simultaneously with Geotail/EPIC. The selection cri-
teria are as follows: (1) geomagnetic storms took place; (2) the
Geotail satellite mostly stayed in the nightside plasma sheet;
and (3) clear substorm signatures were identified by ground
stations and geosynchronous satellites during the magnetic
storm. These selection criteria yielded 3 time intervals, that
is, 1900–2300 UT on 30 October 2003 (interval 1), 0130–
0600 UTon 27 July 2004 (interval 2), and 0400–0730 UTon
10 March 2004 (interval 3). In interval 1, both IMAGE/
LENA and Geotail/EPIC data were available. Intervals 2 and
3 are conjunction observations by FAST/IESA and Geotail/
EPIC. Figure 1 shows orbits of the satellites in the X-Y plane
in GSM (Geocentric Solar Magnetospheric) coordinates for
these 3 intervals. Thin line on the dayside indicates the
IMAGE orbit for interval 1 and thick lines at XGSM < �8 RE

indicate the Geotail orbits. Characters ‘‘S’’ denote start of the
satellite orbit during the selected intervals and dots on orbits
show the locations of the satellite at integer hour. Geotail flew
at XGSM � �8, �16, and �24 RE in the interval 1, 2, and 3,
respectively.

4. Observation and Analysis

4.1. Interval 1 (1900–2300 UT on 30 October 2003)

[11] This interval is in the main phase of the October 2003
superstorm. Overall features of O+ ions during this super-
storm has been discussed by Nosé et al. [2005], but the

present study focuses on O+ ion dynamics in the course of
storm time substorms as shown later in Figures 4 and 11.
[12] Figure 2 (top) shows the SYM-H index decreasing

from�150 nT to�400 nT during the time interval of 1900–
2300 UTon 30 October 2003. Figure 2 (bottom) displays the
energetic (105–150 keV and 225–315 keV) electron flux
from the LANL-01A geosynchronous satellite as well as the
X component of the geomagnetic field at Lerwick (LER,
62.0� geomagnetic latitude (GMLAT), 89.0� geomagnetic
longitude (GMLON)) and Narsarsuaq (NAQ, 70.0�GMLAT,
38.6�GMLON). The first substormwas identified at 1947UT
by energetic electron flux enhancement at the geosynchro-
nous satellite and high-latitude negative bays at both LER
and NAQ, as indicated by a vertical dashed line. We found
another substorm onset at 2115 UT which is also indicated
by a vertical dashed line; this substorm is characterized by
energetic electron flux enhancement and high-latitude nega-
tive bay at LER.
[13] Figures 3a and 3b show the LENA images around the

Earth obtained by the IMAGE satellite before and after the
first substorm onset (1947 UT), respectively. The perspective

Figure 1. Orbits of the IMAGE satellite (thin line) and the
Geotail satellite (thick lines) projected in the equatorial plane.
The ‘‘S’’ characters denote the start of the orbital segments
for the interval, and dots show the satellite locations at integer
hour.

Figure 2. (top) The SYM-H index for 1900–2300 UT on
30 October 2003 (interval 1). (bottom) The energetic electron
flux from the LANL-01A geosynchronous satellite as well
as the X component of the geomagnetic field at Lerwick
(LER, 62.0�GMLAT) andNarsarsuaq (NAQ, 70.0�GMLAT).
Substorm onsets were identified at 1947 UT and 2115 UT.
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view is from the dayside where the IMAGE satellite was
located. The magnetic field lines at 0000, 0600, 1200, and
1800 magnetic local time (MLT) are drawn for L value of 3
and 5 with while lines. Comparing Figures 3a and 3b, we
found that low-energy neutral atom flux coming from the
direction of the Earth was enhanced after the substorm.
Figures 3c and 3d show LENA images before and after the
second substorm onset (2115 UT). We also found strong flux
enhancement of neutral atoms after this substorm onset. It is
worthwhile to briefly mention that it is difficult to identify the

source region of outflowing flux (i.e., auroral zone, cusp, or
polar cap), because the observed neutral atom flux is a result
of integration of flux along the line of sight. Nevertheless, we
suppose that the outflowing flux predominantly originates
from the auroral zone, as seen later in intervals 2 and 3
(Figures 6 and 9). In order to see temporal changes of the low-
energy neutral atom flux in more detail, we averaged the
neutral atom flux around the Earth over the polar angle of
±45� (x direction of the image) and the azimuthal angle of
±24� (y direction of the image) with exclusion of the
equatorial area (i.e., the azimuthal angle of �8� to 8�). Then
we computed the normalized flux (Jnormalized) from the
average flux derived above (Javeraged) as it is measured at
radial distance of 5 RE, by

Jnormalized ¼ Javeraged �
r � 1:5

5� 1:5

� �2

; ð2Þ

where r is the radial distance of the satellite position in RE.
Here the neutral atom source was assumed to be at geocentric
altitude of 1.5 RE [Khan et al., 2003]. This generates time
series data of neutral atom flux around the Earth with a time
resolution of 2 min. We calculated a running average of
Jnormalized with a time window of 8 min, which is displayed in
Figure 3e. Vertical dashed lines indicate onset time of the
substorms. Black circles corresponds to times in which the
LENA images of Figures 3a–3d were taken. We found that
the neutral atom flux started to increase with a short delay
(�5 min) to the substorm onsets. It should be noted that this
time delay includes travel time of low-energy neutral atoms
from their source site to the IMAGE satellite, because it takes
about 1.5–2/6–7 min at least for 500 eV hydrogen/oxygen
atoms to travel from r = 1.5 RE (the source site where charge
exchange occurs) to r = 6–7 RE (the IMAGE position). Thus
the ionospheric ion outflow is considered to respond almost
immediately (within several minutes) to the substorms. At the
first substorm the neutral atom flux was enhanced from 1 �
105 cm�2 s�1 to 3� 105 cm�2 s�1 within 20 min. The second
substorm was accompanied by a sudden increase of the
neutral atom flux from 2 � 105 cm�2 s�1 to 1 � 106 cm�2

s�1. These results indicate that the substorms caused an
enhancement of outflowing ion flux by a factor of 3–5.
[14] Figure 4 shows the magnetic field in the XGSM and

ZGSM components and the O+/H+ energy density ratio mea-
sured by the Geotail satellite which was located at XGSM �
�8RE (Figure 1). Two vertical lines indicate onset time of the
substorms (1947 UT and 2115 UT). At the first substorm
onset, the absolute value of Bx decreased and Bz increased,
indicating that dipolarization took place. At the same time the
O+/H+ energy density ratio increased suddenly from �1 to 3
within 10 min, and then it showed a gradual increase during
2000–2030 UT, even though the substorm expansion phase
ended around 2010 UT as can be seen in Bz changes. For the
second substorm onset, signatures of the magnetic field and
the O+/H+ energy density ratio were similar to those of the
first substorm; that is, the magnetic field was dipolarized and
the energy density ratio increased rapidly at substorm onset,
followed by a gradual increasewith a time scale of 1 h (2130–
2230 UT).

4.2. Interval 2 (0130–0600 UT on 27 July 2004)

[15] In Figure 5 we plotted the SYM-H index, the elevation
angle of the magnetic field observed by the GOES 10 sat-

Figure 3. (a) The neutral atom flux around the Earth from
the LENA imager before the 1947 UT substorm in interval 1.
The Earth is at the center, and themagnetic field lines at noon,
dusk, midnight, and dawn are shown for L = 3 and L = 5.
(b) The LENA image after the 1947UTsubstorm. (c and d) The
LENA image before and after the 2115 UT substorm. (e) The
neutral atom flux averaged over the polar angle of ±45�
(x direction of the image) and the azimuthal angle of ±24�
(y direction of the image) with the exclusion of the equatorial
area (i.e., the azimuthal angle of �8� to 8�). The flux is
normalized as it is measured at r = 5RE. Black circles indicate
times when the LENA images of Figures 3a–3d were taken.
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ellite, the energetic (50–75 keV and 75–105 keV) electron
flux from the LANL-01A satellite, and the X component of
the geomagnetic field at Glenlea (GLN, 58.6� GMLAT,
327.8� GMLON). This interval was in the main phase of a
strong magnetic storm and the SYM-H index was changing
between �50 nT and �150 nT. At 0214 UT we found
increases of the magnetic field elevation angle (i.e., dipola-
rization) and energetic electron flux at geosynchronous orbit,
indicating substorm occurrence. Another substorm onset was
identified at 0357 UT by dipolarization at GOES 10, ener-
getic electron flux enhancement at LANL-01A, and a high-
latitude negative bay at GLN.
[16] Figures 6a and 6b show the FAST/IESA data around

the onset time of the two substorms (0214 UT and 0357 UT).
Figures 6a and 6b (top) display the E-t diagram and Figures 6a
and 6b (bottom) show the ion flux integrated over the energy
range of 50–1000 eV and pitch angle of 90�–270�. The
FAST satellite was in the northern hemisphere in these time
intervals, thus these ions can be considered to be outflowing
from the ionosphere to the magnetosphere. (Ions with pitch
angle of 180� are flowing upward along the magnetic field.)
From Figure 6a we notice that the FAST satellite was in the
auroral zone before the substorm onset (i.e., 0214 UT) and
observed outflowing ion flux of �2 � 107 cm�2 s�1. At
0215 UT the substorm onset caused a prompt increase of the
ion flux which reached a peak value of �109 cm�2 s�1.
Figure 6b also indicates that the FASTsatellite traversed over
the auroral zone during the second substorm. The observed

flux just before 0357 UTwas�5� 106 cm�2 s�1, whereas it
increased to an order of 108–109 cm�2 s�1 after 0357:35 UT.
These results suggest that the outflowing ion flux increased
by a factor of 20–50 almost simultaneously (]1 min) with
the substorm onset.
[17] Figure 7 shows the Geotail observations of the mag-

netic field and ion composition at X � �16 RE in the same
format as Figure 4. Two vertical lines represent substorm
onset time (0214 UT and 0357 UT). At the first substorm
onset, there is no clear dipolarization signatures in the
magnetic field. We suppose that this is because the substorm
onset region was localized and the Geotail satellite was far
from there. Because of lack of substorm signature at the Geo-
tail position, there seems no sudden increases in the O+/H+

energy density ratio. However, after the substorm onset the
O+/H+ energy density ratio showed gradual increase with a
time scale of 1 h (0230–0330 UT), as the same case of
substorms in interval 1 (Figure 4).When the second substorm
took place at 0357UT, no clear substorm signatures were also

Figure 4. The (top) X and (middle) Z components of the
magnetic field measured by Geotail/MGF and (bottom) the
O+/H+ energy density ratio from Geotail/EPIC/STICS for
1900–2300 UT on 30 October 2003 (interval 1).

Figure 5. (top) The SYM-H index for 0130–0600 UT on
27 July 2004 (interval 2). (bottom) The elevation angle of the
magnetic field measured by the GOES 10 geosynchronous
satellite, the energetic electron flux from the LANL-01A
geosynchronous satellite, and the X component of the geo-
magnetic field at Glenlea (GLN, 58.6� GMLAT). Substorm
onsets were identified at 0214 UT and 0357 UT.
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observed by Geotail in the magnetic field. About 45 min after
the substorm onset (around 0450 UT), however, fluctuation
of the magnetic field was enhanced in both Bx and Bz; the
absolute value of Bx decreased and Bz showed a small
increase. We suggest that these are possible signatures of
local dipolarization. The 45 min delay may be explained by
the longitudinal and radial expansion of local dipolarization
region [e.g., Nagai, 1982; Jacquey et al., 1991]. The local
dipolarization at �0450 UT was accompanied by a sudden
enhancement of the O+/H+ energy density ratio. The mag-
netic field implies that the local dipolarization ceased with
15 min, though the O+/H+ energy density ratio stayed at
almost constant level for �40 min.

4.3. Interval 3 (0400–0730 UT on 10 March 2004)

[18] Figure 8 compiles the SYM-H index, the elevation
angle of the magnetic field observed by the GOES 10 sat-
ellite, the energetic (75–113 keV and 113–170 keV) proton
flux from the LANL-02A satellite, and the X component of
the geomagnetic field at Baker Lake (BLC, 73.2� GMLAT,
322.0� GMLON). This interval was found near the peak of a
moderate magnetic storm and the SYM-H index was between
�60 nTand�100 nT.We identified occurrence of a substorm
at 0528 UT by dipolarization and energetic proton flux

enhancement at geosynchronous satellites, and a negative
bay at high-latitude ground station.
[19] Figure 9 displays the FAST/IESA data during the

substorm of 0528 UT in the same format as Figure 6. At
0528 UT invariant latitude of the FASTsatellite was 74�–75�
and there are little fluxes in the E-t diagram, indicating that
the satellite was in the polar cap. Although a sudden increase
of outflowing ion flux (�3 � 108 cm�2 s�1) can be seen at
0529:55 UT, this enhancement may be caused not by tem-
poral effects due to substorm onset but by spatial effects
due to satellite motion to the auroral zone. Around 0531–
0532UT the FASTsatellite is considered to be flying over the
auroral zone and observed flux of �5 � 106 cm�2 s�1. The
outflowing flux is enhanced again at 0532:30 UTand reached
the almost same level as the previous enhancement at
0529:55–0530:45 UT. We suggest that these flux enhance-
ments at two different latitude are caused by formation of a
double auroral arc at the substorm onset. Since the first en-
hancement of outflowing flux was observed at 0529:55 UT,
we can expect that ion outflow responded to the substorm
before that time. This idea leads us to conclude that the delay
time of ion outflow from the substorm onset was <2 min.
Enhancement factor is estimated as�50 (i.e.,�5� 106 cm�2

s�1 to �3 � 108 cm�2 s�1).
[20] Figure 10 demonstrates the Geotail data at X �

�24 RE in the same format as Figure 4. At the substorm,
which is indicated by a vertical line, the absolute value of Bx

decreased and Bz increased, being a dipolarization signa-
ture. For about 1 h prior to the substorm onset (i.e., 0430–
0528 UT), Geotail was in the magnetic lobe and we could notFigure 6. (a) The ion flux from FAST/IESA around the

0214 UT substorm in interval 2: (top) the E-t diagram and
(bottom) the ion flux integrated over energy range of 50–
1000 eV and pitch angle of 90�–270�. (b) The FAST/IESA
data around the 0357 UTsubstorm in interval 2. Format is the
same as Figure 6a.

Figure 7. The magnetic field and the O+/H+ energy density
ratio data for interval 2. Format is the same as Figure 4.
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calculate the energy density ratio in the plasma sheet.
However, before 0430 UT the satellite made a measurement
of energetic ion flux in the plasma sheet, which indicates the
O+/H+ ratio of 0.02–0.05. Assuming that the O+/H+ energy
density ratio did not change significantly before the substorm
onset, we can expect that the energy density ratio was strongly
enhanced at dipolarization. Even though the substorm expan-
sion phase has ended around 0550–0600 UT as can be noted
from the magnetic field data, the O+/H+ energy density ratio
stayed at almost constant level of 0.2–0.3 for about 1 h.

5. Discussion

5.1. Response of Outflowing Ion Flux to Substorms

5.1.1. Enhancement Factor
[21] The IMAGE/LENA and FAST/IESA observations

revealed that substorms can cause drastic changes of the
ion flux outflowing from the Earth by a factor of 3–50
(Figures 3, 6, and 9). This flux change related to substorms is
comparable to or larger than that during Kp increase from 0 to
6 (i.e., fivefold to tenfold) which was statistically revealed by
Yau et al. [1988], Abe et al. [1996], and Cully et al. [2003b].
Thus it is important to take substorm effects into consider-
ation when we study outflowing ion flux. It is expected that
such drastic change of outflowing ion flux at substorms
possibly affects ion composition in the plasma sheet; this
issue will be discussed in section 5.2.
[22] Here we briefly compare our observational results

(a factor of 3–50) with that by Wilson et al. [2004]; that is,
the ion outflow rate at the nightside auroral zone increases

Figure 8. (top) The SYM-H index for 0400–0730 UT on
10 March 2004 (interval 3). (bottom) The elevation angle of
the magnetic field measured by the GOES 10 geosynchro-
nous satellite, the energetic proton flux from the LANL-02A
geosynchronous satellite, and the X component of the geo-
magnetic field at Baker Lake (BLC, 73.2� GMLAT). Sub-
storm onset was identified at 0528 UT.

Figure 9. The ion flux from FAST/IESA for interval 3.
Format is the same as Figure 6.

Figure 10. The magnetic field and the O+/H+ energy den-
sity ratio data for interval 3. Format is the same as Figure 4.
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by only a factor of �2 after onset. The discrepancy of the
outflow flux change may be due to different approaches in
data analysis. The present study examined temporal changes
of the outflow flux for 3 individual intervals during magnetic
storms, while Wilson et al. [2004] conducted the superposed
epoch analysis which makes drastic flux changes smooth.
The approach by Wilson et al. will lower the enhancement
factor of the outflow flux to be estimated.
5.1.2. Response Time
[23] From analysis of the 3 intervals including substorm

onsets, we found that the ion outflow responded to storm time
substorms within several minutes (Figures 3, 6, and 9). It is
noteworthy to mention that the two substorms in interval 1
appeared to be associated with strong compression of the
magnetosphere during high solar wind dynamic pressure, as
discussed by Nosé et al. [2005]. At the substorm onset in
interval 3 there was a weak dynamic pressure enhancement
(from 5.5 nPa to 6.5 nPa) which is due to slight solar wind
velocity enhancement (from 650 km/s to 700 km/s), accord-
ing to the ACE measurements (not shown here). On the other
hand, the ACE satellite observed no clear changes in the solar
wind dynamic pressure around the substorms in interval 2,
but rather northward turnings of the IMF with amplitudes of
10–20 nT (not shown here).
[24] Recent studies by Fuselier et al. [2002], Khan et al.

[2003], and Kunori et al. [2007] reported that enhancements
of solar wind dynamic pressure led to bursts of ion outflow.
Fuselier et al. [2002] examined the 24 June 2000 ion outflow
event and found that both auroral emission and the ion
outflow increased on the duskside (18–19 MLT) at pulses
of the solar and dynamic pressure. Analyzing the same ion
outflow event,Khan et al. [2003] revealed that the delay time
between the solar wind dynamic pressure and ion outflow
response was�2min. From 3-Dmultifluid simulations of the
29 October 2003 storm, Harnett et al. [2008] showed that
variations of IMF By and Bz caused prompt increase of
ionospheric outflows. Since substorms are triggered prefer-
entially by the enhancement of the solar wind dynamic
pressure [e.g., Kokubun et al., 1977] or by the changes of
the IMF direction [e.g., Lyons et al., 1997], our results are
consistent with these previous results; moreover we suppose
that substorms play a more direct role rather than solar wind
variations in enhancement of outflowing ion flux.
[25] The generating process of outflowing ions is well

documented by Strangeway et al. [2005]. They considered
two primary energy sources of ion outflow: downward
Poynting flux and soft electron precipitation, both of which
are expected to appear at substorm onsets. The downward
Poynting flux would cause the ion upwelling via the Joule
dissipation at the lower ionosphere, while the soft electron
precipitation would cause the ion upwelling through the
ambipolar electric field which accompanies with ionospheric
electron heating at high altitudes. The upwelling ions should
be further accelerated by transverse electromagnetic waves to
escape from the ionosphere. The above multistep processes
may be activated within several minutes after substorm onset.
In actuality, the EISCAT Tromso radar observed about 4 min
of delay between auroral breakup and increase of upward ion
velocity, which is generated by the soft electron precipitation,
when a shock-triggered substorm occurred at 2024 UTon 25
September 2001 (Y. Ogawa, private communication, 2008).

This time delay is slightly longer but close to our observa-
tions, if the acceleration of upwelling ions to flow out from
the ionosphere takes place quickly.

5.2. Ion Composition Change in Plasma Sheet

5.2.1. Two-Step Effect of Substorms
[26] Geotail observation of the O+/H+ energy density ratio

in the plasma sheet showed the first sudden enhancement at
local dipolarization and the subsequent gradual increase
(Figures 4, 7, and 10). We consider that the first sudden
enhancement is caused by mass-dependent acceleration of
preexisting ions at dipolarization and the subsequent gradual
increase is due to an additional supply of O+ ions which are
extracted from the ionosphere at the substorm onset. This
idea is supported by energy spectral changes during the
course of substorms observed by the Geotail/EPIC instru-
ment. The top two plots of Figure 11 display the H+ and O+

energy spectra in the plasma sheet for the substorm onset at
1947 UTon 30 October 2003. Likewise, the subsequent pairs
of plots show the H+ and O+ energy spectra for 4 other
substorms (the second substorm in interval 1, two substorms
in interval 2, and a substorm in interval 3). Different colors
correspond to different time intervals; that is, green, yellow,
and red lines represent energy spectra before onset, 5–15min
after onset (local dipolarization), and 30–60 min after onset
(local dipolarization), respectively. Note that in the third pair
of plots the energy spectra just after the onset (yellow line) are
not drawn because local dipolarization signature was not
observed (Figure 7).
[27] It was found that the H+ energy spectra did not show

significant changes in all substorm onsets. However, the O+

energy spectra changed drastically at the energy range of a
few tens of keV to 100 keV and became harder after
dipolarization (yellow line), implying that acceleration of
ions was more effective to O+ ions than H+ ions. Such mass-
dependent acceleration of ions has been reported by numer-
ical simulation [Delcourt et al., 1990; Sánchez et al., 1993] as
well as by satellite observation [Nosé et al., 2000]. When an
inductive electric field associated with the local dipolariza-
tion has a time scale comparable to the O+ gyroperiod (and
therefore longer than the H+ gyroperiod), the first adiabatic
invariant of O+ ions is violated and they can be accelerated
nonadiabatically. However, H+ ions primarily undergo E� B
drift and gain little additional energy.
[28] At 30–60 min after the onset, we found that O+ flux in

lower energy range from 9 keV to a few tens of keV showed a
further increase (red line), resulting in a softer energy
spectrum. From the spectral shape we can surmise that the
O+ flux of �9 keV became higher at 30–60 min after the
onset (red line) than before the onset (green line) and at 5–
15 min after the onset (yellow line). The O+ increase in the
lower energy range can be explained by that extra O+ ions are
transported into the plasma sheet within 30–60min after they
are extracted from the ionosphere at substorm onset as
observed by the LENA imager and the IESA instruments
(Figures 3, 6, and 9). This explanation is supported by a
number of previous studies which examined trajectories of
ionospheric ions originated from the nightside auroral zone.
[Chappell et al., 1987] argued that the auroral zone supplies
almost 50% of O+ ions of the plasma sheet. Peroomian and
Ashour-Abdalla [1996] calculated ion trajectories in the
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terrestrial electric and magnetic field models during slightly
disturbed times (Kp = 1–2) and showed that the nightside
auroral zone is the dominant source of O+ ions in the near-
Earth tail (X 	 �20 RE to �30 RE). [Delcourt et al., 1999]
also performed a test particle simulation for upflowing 100 eV
O+ ions near the poleward boundary of the auroral oval and
found that they are convected to the near-Earth plasma sheet
(X��9 RE to�10 RE). The similar results were reported by
other particle-tracing studies [e.g., Chappell et al., 2000;
Huddleston et al., 2005; Moore et al., 2005; Harnett et al.,
2008]. The transit time of ions from the ionosphere to the
plasma sheet is estimated to be �1–2 h by some of the
aforementioned studies, which is consistent with our obser-
vational results.
[29] The present coordinated observations by IMAGE/

LENA, FAST/IESA, and Geotail/EPIC revealed that sub-
storms have both an immediate effect and a delayed effect on
the ion composition in the plasma sheet, which are also
reported by recent numerical simulations [Fok et al., 2006;
Moore et al., 2007]. We suppose that the two-step effect of
substorms is rather common over a wide area of the plasma
sheet, because the Geotail observations were similar at three
different locations (XGSM � �8, �16, and �24 RE).
5.2.2. Comparison With Previous Studies
[30] Some previous studies investigated ion composition

change in the plasma sheet when substorms were initiated.
Using the CRRES/MICS instrument which covers the energy
range from several tens of keV to 400 keV, Grande et al.
[1999] and Daglis et al. [2000] examined ion composition
change at L= 5–8 during storm time substorms.Grande et al.
[1999] showed that the O+ count rate is increased at onset and
stays at enhanced level for at least 45 min. The similar feature
can be seen in the O+ energy density in Figure 1 of Daglis
et al. [2000]. These ion composition change have been
interpreted as a result of prompt and direct feeding of ions
from the ionosphere to the magnetosphere [e.g., Daglis and
Axford, 1996]. At X � �14.5 RE, the AMPTE/IRM satellite
observed that the differential flux of 160 keV O+ ions was
more pronounced than the differential flux of 160 keV H+

ions at a substorm onset [Möbius et al., 1987]. This event was
considered as an indication of additional injection of iono-
spheric plasma from the near-Earth neutral line region to the
plasma sheet after substorm onset. Further tailward, that is, at
radial distance of �19 RE, recent studies employing the
Cluster/CODIF instrument showed that the O+/H+ pressure
ratio increases at storm time substorms [Kistler et al., 2005,
2006]. The increase of the pressure ratio was caused by a
sudden loss of H+ with a gradual decrease of the O+ pressure.
Kistler et al. supposed that both ions are transported away
from the onset region but O+ is then replenished quickly. It
should be noted that the Cluster/CODIF instrument covers
the energy range of 40 eV–40 keVwhich is lower than that of
other studies. Different behavior of O+ flux (i.e., gradual

Figure 11. Geotail observations of energy spectra of (left)
H+ ion and (right) O+ ion during the course of substorm.
Different colors represent different time intervals: green,
yellow, and red show energy spectra before onset, 5–15 min
after onset (local dipolarization), and 30–60 min after onset
(local dipolarization), respectively. The five pairs of plots
correspond to five examined substorm onsets.
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decrease after onsets) may be due to the different energy
range. In the distant tail of X = �40 RE to �66 RE, energetic
(144 keV–4 MeV) O+ bursts were observed after substorm
onset by the Geotail/HEP-LD instrument [Zong et al., 1998].
These O+ ions were thought to leave the polar ionosphere at
the substorm onset and be transported to the distant tail where
ion acceleration took place.
[31] All of these previous studies described that the O+ flux

(or the O+/H+ ratio) increased after substorm onset and O+

ions were considered to be extracted from the ionosphere at
the onset. This feature was identified in a wide range of
distance spanning from the magnetosphere/the near-Earth
plasma sheet (L= 5–8) to the distant tail (X��66RE). These
results are well consistent with the present observational
results by IMAGE/LENA, FAST/IESA, and Geotail/EPIC.

6. Summary

[32] We examined variations of ions of ionospheric origin
over the ionosphere and in the plasma sheet when storm time
substorms were initiated. From the IMAGE/LENA and
FAST/IESA observations we found that the outflowing ion
flux from the ionosphere was enhanced by a factor of 3–50
at substorms. This factor is comparable to or larger than the
factor which was statistically found by previous studies
between quiet condition (Kp = 0) and disturbed condition
(Kp = 6). This indicates that effect of substorm to the ion
outflow is not negligible. The ionospheric ion outflow is
suggested to respond to the substorm onset within several
minutes. This time delay is considered to be due to activation
time of the multiprocess including ion upwelling in the
ionosphere and additional acceleration to escape from the
ionosphere.
[33] The Geotail/EPIC observation showed that the O+/H+

energy density ratio in the plasma sheet was immediately
enhanced when local dipolarization signatures appeared, and
then increased gradually or stayed at nearly constant level in a
time scale of 1 h even if substorm expansion phase has ended.
These Geotail observations were similar among three differ-
ent locations of XGSM � �8, �16, and �24 RE. The first
sudden increase of the O+/H+ energy density ratio is consid-
ered as a result of mass-dependent acceleration at dipolariza-
tion. The following gradual increases are supposed to be due
to an additional supply of O+ ions from the ionosphere which
were outflowing at substorm onset, as observed by IMAGE/
LENA and FAST/IESA. The above idea was supported by
the energy spectral changes of H+ and O+ ions in the plasma
sheet. We conclude that substorms play a two-step role in
changes of the plasma sheet ion composition.
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