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Storm phase dependence of ion outflow: Statistical signatures obtained

by IMAGE/LENA
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[1] The low-energy neutral atom (LENA) imager on board
the Imager for Magnetopause-to-Aurora Global Exploration
(IMAGE) spacecraft can observe energetic neutral atoms
(ENA) of 10 eV to a few keV generated by upflowing
ions through charge exchange with the Earth’s exosphere.
Using IMAGE/LENA data, we statistically analyzed
behaviors of the ion outflow in the main and recovery
phases of the magnetic storms from June 2000 to December
2001. Results show that during the main phase, most of
ENA emissions from the Earth’s direction are accompanied
by the solar wind dynamic pressure (P,,) enhancements. For
the recovery phase, there are no such tendencies. Instead,
the ENA flux shows large values at the beginning of the
recovery phase, and then decreases with the storm recovery.
These results suggest that the dominant mechanism
responsible for the ion outflow during the magnetic
storms can be totally different between the two phases.
Citation: Kunori, T., M. Nosé, S. Taguchi, K. Hosokawa, M. R.
Collier, and T. E. Moore (2007), Storm phase dependence of ion
outflow: Statistical signatures obtained by IMAGE/LENA,
Geophys. Res. Lett., 34, 118106, doi:10.1029/2007GL029877.

1. Introduction

[2] A number of numerical simulations have shown that
the ions outflowing from the ionosphere can reach the
nightside plasma sheet by calculating particle trajectory
[e.g., Chappell et al., 2000]. These results have suggested
that ionospheric ions are one of the important sources of
magnetospheric plasma. Thus it is important to reveal the
properties of ion outflow from the ionosphere, which
provides us the key to understand the dynamics of magne-
tosphere. It is well-known that the ion outflow has a
dependence on geomagnetic activity [e.g., Yau and Andreé,
1997]. The ion outflow rates are increased with the Kp
index for both H" and O". In particular, the variations of
the O" flux are more drastic in comparison with those of
H'. It was also reported that ion outflow is dependent on
some solar wind parameters [e.g., Cully et al., 2003], such
as solar wind dynamic pressure (P4,) and variations of IMF.

[3] The purpose of this study is to identify statistical
different signatures of the ion outflow in the main and
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recovery phases of the magnetic storms. Although there
may be different physical mechanisms between them, no
studies have shown the storm phase dependence of the ion
outflow. We tried to reveal the difference by using data
obtained by the low-energy neutral atom (LENA) imager
on board the Imager for Magnetopause-to-Aurora Global
Exploration (IMAGE) spacecraft. A fraction of ions out-
flowing from the ionosphere and traveling along the mag-
netic field lines is converted into ENAs via the charge
exchange with the Earth’s exosphere. The generated ENAs
keep almost the same energy and momentum as those
before the charge exchange and if they have a speed that
exceeds the gravitational escape speed (~10 km/sec), they
can travel straight to the IMAGE spacecraft because they
are no longer trapped by the magnetic field. Thus the LENA
imager, which can observe ENA in low energy (10 eV to a
few keV), enables us to remotely estimate the global
variation of ion outflow in a short timescale although it is
more difficult for in-situ measurements.

2. Observations
2.1. IMAGE/LENA

[4] The IMAGE spacecraft is a polar-orbiting satellite
with a perigee of 1000 km altitude and an apogee of
approximately 8.2 Ry [Burch, 2000]. The LENA imager
on board the IMAGE spacecraft can observe the energetic
neutral atom (ENA) in the energy range of 10 eV to a few
keV [Moore et al., 2000; Collier et al., 2001]. In the present
study we used the data combining the H and O peaks in the
time of flight spectrum. The LENA imager field-of-view
sweeps out 360° in azimuthal direction over a spin period
(about 2 minutes) with a polar field-of-view of about +45°.
One complete 2-D image covers an area of 90° (polar) x
360° (azimuth) with 12 x 45 angular bins.

[5] The period of data analyzed here is from June 2000 to
December 2001, excluding 2 months of December 2000 and
January 2001 because the ENA emissions coming from the
Earth direction in these two months were mostly the sun
signal (ENA generated from solar wind ions) [Collier et al.,
2001]. Instrumental effects of the LENA imager during this
1.6-year period (e.g., voltage change of the micro channel
plates and long-term degradation) are corrected. Since
LENA count rate is expected to depend on the satellite
altitude, we also corrected the LENA count rate by multi-
plying {(6.0 — 2.2)/(r — 2.2)}* [Khan et al., 2003], where r
is the geocentric distance of the IMAGE spacecraft in Rg.

2.2. Event Analysis

[6] We selected three consecutive satellite’s orbits during
a superstorm on 30-31 March 2001. Figure la shows
the LENA count rate data summed over Earth-centered
azimuthal range of —28° to +4° and polar range of —45°
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Figure 1. (a) LENA count rate summed over the Earth-centered azimuth of —28° to +4° on 30—31 March 2001 in three
consecutive orbits and the SYM-H index. (b) LENA count rate summed over Earth-centered azimuth of —28° to +28° and
the SYM-H index on 6—7 November in two consecutive orbits.

to +45° near apogees to see outflow flux as well as the
SYM-H index during this interval. Different colors means
different orbits; blue is the interval during quiet condition
(from 1200 UT to 1800 UT on 30 March 2001), red is
before the superstorm and during a storm main phase (from
0200 UT to 0800 UT on 31 March 2001), and green is
during the recovery phase (from 1600 UT to 2200 UT on
31 March 2001). Throughout these intervals the LENA
imager made an observation, and the LENA data are plotted
as the IMAGE spacecraft was located in the almost same
area if the x-coordinate is the same. Judging from 2-D
images and result by Moore et al. [2003], we considered the
data indicated by dotted lines contain not only outflow
emissions but also sheath emissions [e.g., Collier et al.,
2005]. There are little count rates in LENA data in the first
orbit, while in the second orbit LENA data showed an
increase of background with ~10 counts/spin and some
remarkable enhancements up to 100—1000 counts/spin.
Since some of these enhancements of the LENA count rate
were accompanied by sudden increases of the SYM-H index
just after 0400 UT and around 0700 UT on 31 March 2001
as indicated by gray arrows, we considered the interplane-
tary shock as a possible trigger causing the sporadic
enhancements of the LENA count rate. In the third orbit,
we can also see the LENA emission comparable to the
background count rate during the main phase but no clear
sporadic enhancements.

[7] We selected another interval during a moderate mag-
netic storm on 6—7 November 2000 for further survey.
Figure 1b shows LENA count rates summed over Earth-
centered azimuthal range of —28° to +28° and polar range
of —45° to +45° with correction of sun signal, and the
SYM-H index for this interval in the same format as
Figure la. The LENA imager was operating throughout
this interval. While the LENA flux was mostly less than
one-count level of the instrument in the first orbit (during a
comparatively quiet interval, blue), the LENA count rate in
the second orbit (during the recovery phase, red) showed
gradual increase during 2100—2200 UT and reached the
maximum just after the SYM-H index showed the minimum
value. Then LENA count rate decreased gradually with the
storm recovery and maintained around 10 counts/spin after
0000 UT on 7 November.

[8] From these event analyses we found that some
sporadic LENA enhancements were accompanied by the
sudden increase in the SYM-H index (possibly corresponding

to interplanetary shocks) mainly during the main phase; and
LENA count rate showed the highest values around the time
of the minimum of the SYM-H index, followed by a gradual
decrease during the storm recovery.

2.3. Statistical Analysis

[0] In order to examine the different signatures of LENA
emission between storm main phase and recovery phase in
more detail, we performed a statistical study. We used the
LENA data when the IMAGE spacecraft was located at
geomagnetic latitude of >60° and geocentric altitude of
4.5 Ry to 8.5 Rg. This is because we intended to limit
satellite position to high latitudes near apogee, where ENAs
generating from the outflowing ions can be viewed overall.
The data taken when the spacecraft was outside the
magnetosphere are not included, because the effects of
magnetosheath emission lead to difficulties in distinguishing
between magnetosheath and non-magnetosheath ENA. We
summed the LENA count rate over the angular sectors
which cover a region of geocentric altitude below 2 R,
thus the effect of ring current ions near the equatorial plane
around L = 4 can be neglected.

[10] We chose 29 magnetic storms with the minimum
value of the SYM-H index below —70 nT in the aforemen-
tioned period, and examined the LENA data during the
storm main and recovery phases of these storms. In order to
define the storm main and recovery phases, we used the
running average of the SYM-H index with the time window
of 60 minutes (SYM-Hpy,). The storm main phase is defined
as the period when the SYM-Hp, decreased from —20 nT to
90% of the minimum of SYM-Hg,. The recovery phase is
the period when the SYM-Hg, increased from 90% of the
SYM-Hg,4 minimum up to —40 nT.

[11] The relation between the SYM-Hy, and the LENA
count rate for the main phase and the recovery phase are
shown in Figures 2a and 2b. When the LENA count rate is
3 or more per spin, we plotted the count rate by a small
circle as a function of the SYM-Hy, at 6 minutes before
the LENA measurement, to account for the transit time of
ENA from the ionosphere to the IMAGE spacecraft. The
SYM-Hr, data shown here is averaged over 2 minutes
corresponding to the LENA data. We calculated the average
value and the median value of the LENA count rate in each
bin bounded by vertical dotted lines, and plotted them with
green diamonds and red triangles, respectively. The median
values of LENA count rate as well as correlation coeffi-
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Figure 2. (a, b) Scatter plots of the LENA count rate from the Earth direction as a function of the SYM-Hy, during the
storm main phase and during the storm recovery phase. (¢, d) The same as Figures 2a and 2b except for the LENA count
rate after excluding the count rate data accompanied by enhancements of P, or the SYM-H index. (e) The dependences of
the LENA count rate from the Earth direction during the storm recovery phase on R and the magnitude of the SYM-Hpg,.

cients are not much different between the main and recovery
phases. However, the average values showed different
signatures in terms of the dependence of the LENA count
rate on the SYM-Hy,. The average values of LENA count
rate during the recovery phase increased rather smoothly
with decreases of the SYM-Hy, (Figure 2b), while those
during the main phase showed overall increase with some
bumps and dents (Figure 2a). The differences between
average values and median values are larger in Figure 2a
than Figure 2b, indicating more sporadic large count rates
are included during the main phase. We think that these
sporadic enhancements of the LENA count rate were mainly

caused by the occurrence probability of interplanetary
shocks. This is consistent with the result of Figure 1a.

[12] Next, we examined how frequently the increases of
LENA count rates are accompanied by P, enhancements,
which is observed by ACE/SWEPAM. Propagation time of
solar wind from the ACE spacecraft to the magnetopause
was considered. When the LENA count rate is larger than a
given threshold, we examined if this large LENA count rate
is preceded by the P, enhancements within 20 minutes. The
P, enhancement was defined as the increase of 4 nPa
within 128 seconds. Occurrence probability of the LENA
count rate data preceded by P, enhancements for different
thresholds is shown in Figure 3. In Figures 3a and 3b we
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Figure 3. Occurrence probability of the LENA count rate data preceded by P, enhancements obtained by ACE/

SWEPAM for different thresholds (a) during the main phase
all the count rate data over the threshold.

changed the threshold of LENA count rates as 0, 3, 10,
40 counts/spin (the threshold of 0 count/spin corresponds to
consideration of all LENA data). The differences between
two phases can be seen apparently. Though the probability
of the enhancement of P, was increased with the rise of the
threshold of the LENA count rate during the main phase,
the similar feature was hardly seen during the recovery
phase. Moreover, the probability of the enhancements of
P, in the main phase are higher than those in the recovery
phase in all thresholds of the LENA count rates.

[13] Instead of solar wind data, we used the SYM-H
index and performed the similar analysis, because the
enhancements of Py, are usually accompanied by those of
the SYM-H index. The definition of an enhancement of
the SYM-H index is an increase of more than 10 nT within
2 minutes. From this analysis, we again found the clear
difference between the main phase and the recovery phase,
which is almost the same as the above analysis (not shown
here).

[14] We excluded from Figures 2a and 2b the LENA
count rate data accompanied by the enhancement of P, or
the SYM-H index. The result is shown in Figures 2¢ and 2d
in the same format as Figure 2a and 2b. In the main phase
(Figure 2c), there are little large count rates, and the
average and median values are around 10 counts/spin. This
is consistent with the background LENA count rates
(~10 counts/spin) shown in Figure la. In contrast, during
the recovery phase, there are still much more ENA emis-
sions with large count rates (Figure 2d), especially at the
large negative SYM-Hy,.

[15] In the recovery phase (Figure 2d), we can see
the scatter of the LENA count rate at the large negative
SYM-Hg,. We suppose that this scatter may be due to the
rate of the storm recovery (R) which is defined by R=1 —
(SYM-Hz4)/(SYM-Hp, minimum). Figure 2e shows the
dependence of the LENA count rate on both the magnitude
of the SYM-Hy, and R. We can find that the average value
of the LENA count rate tends to be higher at small R than at
large R when the SYM-Hg, is the same. The LENA count
rate shows the largest values when the SYM-Hp, is largely
negative and R is small. Thus we suggest that the scatter
of the LENA count rate at large negative SYM-Hy, in
Figure 2d represent different rates of the storm recovery
in magnetic storms. In the 6—7 November 2000 event
(Figure 1b), the maximum value of LENA count rate is
observed around the beginning of the storm recovery. We
think that this maximum LENA count rates includes both

and (b) during the recovery phase. Ny, means the number of

the effects of the largely negative SYM-H index and the
small rate of the storm recovery. These results imply a
particular mechanism responsible for ion outflows during
the recovery phase. For example, ion outflows during
the recovery phase may be closely related to the fast storm
recovery, which occurs at the beginning of the storm
recovery.

3. Discussion
3.1. Main Phase

[16] It is found that during the storm main phase, most of
the large ENA emissions from the Earth direction are
accompanied by P, enhancements (Figure 3a). The relation
between the interplanetary shock and the ion outflow has
been discussed by previous researches. The flux of ion
outflows is increased with the increase in Py, [e.g., Cully
et al., 2003]. Moore et al. [1999, 2001] and Khan et al.
[2003] reported that the ion outflow flux was enhanced
promptly (~2min) when the CME shock passed the mag-
netosphere. Nosé et al. [2006] reported that the ENA
emissions are enhanced at substorm onset, some of which
are accompanied by P, enhancements. Thus the large ENA
emissions during the main phase may be explained by the
ion outflows which were generated by shock-triggered
substorms.

[17] There is another possible mechanism related to the
dayside aurora which can be observed when an interplan-
etary shock arrived at the magnetosphere [e.g., Liou et al.,
2002]. The close relation between ion outflows and the
auroral region is well-known, so the ion outflows may be
generated over the dayside auroral region accompanied by
the interplanetary shock.

3.2. Recovery Phase

[18] We found the following two features of ion outflows
during recovery phase: the occurrence probability of large
ENA emissions accompanied by the sudden increase of Py,
was much lower than during the main phase (Figure 3b);
and ENA emissions showed the highest value at the
beginning of the storm recovery (Figures 1b and 2e). From
the former result, we supposed that the signature of ion
outflows during the recovery phase is different from that of
the main phase. The latter result indicates that at the
beginning of storm recovery there are particular mecha-
nisms which increase the density or the speed of ion
outflow.
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[19] If the density increase of ion ouflow is responsible
for the high ENA emission, it may be caused by a larger
scale height in the topside ionosphere. It is noted that the
ions or electrons in the topside ionosphere can be heated by
the particle precipitation, resulting in the increase of the
scale height. The precipitating ions with energy less than a
few keV can heat topside ionospheric ions effectively [e.g.,
Ishimoto et al., 1992]. Walt and Voss [2001] reported that
precipitating ion flux obtained by Polar/SEPS were much
higher near the minimum Dst than during a quiet interval
and the late recovery phase. Jordanova et al. [2001]
suggested that pitch angle scattering of ring current ions
in the energy range of 1-50 keV into the loss cone can be
enhanced during a magnetic storm by electromagnetic ion
cyclotron (EMIC) waves.

[20] Soft electron precipitation can heat ionospheric elec-
trons, which is frequently accompanied by initial ion upflows
in the topside ionosphere. During the recovery phase, the
electrons near the expanding plasmapause may be heated by
Coulomb collisions with ring current ions and precipitate
along the magnetic field into the ionosphere at F region
heights. These heated electrons are considered to contribute
to the stable aurora red arc [Kozyra et al., 1987]. Since the
soft electron precipitation is considered to occur during
the early recovery phase, this mechanism may explain the
observed feature during the recovery phase.

[21] On the other hand, if the increase of the speed of ion
outflows is the case, ion outflows should be further accel-
erated by some mechanisms. Wave-particle interaction and
parallel electric field are famous mechanisms closely related
to the acceleration of ions. In the former mechanism, ions
interact with the broad-band low-frequency waves [e.g.,
André and Yau, 1997]. The latter mechanism can be seen in
the double layer above the auroral region or in association
with the kinetic Alfvén wave.

[22] We cannot distinguish between the changes of the
density and the speed of ion outflows since the LENA
imager does not have the energy resolution. Further studies
using simultaneous observation by the LENA imager and
in-situ instruments at low altitude are required to solve this
issue.

4. Conclusions

[23] We investigated the signatures of the ENA emission
in low energy from the Earth direction during magnetic
storms and obtained the following conclusions. (1) The P,
enhancements predominantly control ion outflows during
the storm main phase, but do not during the recovery phase.
(2) During the early recovery phase, there can be a partic-
ular mechanism responsible for ion outflows. A possible
mechanism is soft electron precipitation from the plasma-
sphere via the Coulomb collision with the ring current ions.
(3) The dominant mechanism responsible for the ion out-
flow during the magnetic storms can be totally different
between the two phases.
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