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Simultaneous observations of ions of ionospheric
origin over the ionosphere and in the plasma sheet
at storm-time substorms

M. Nosé, T. Kunori, Y. Ono, S. Taguchi, K. Hosokawa, T. E. Moore, M. R . Collier,
S. P. Christon, and R. W. McEntire

Abstract: We investigate variations of ion flux over the ionospherd amthe plasma sheet when storm-time substorms
are initiated, using simultaneous observations of neati@ins in the energy range of up to a few keV measured by the
low-energy neutral atom (LENA) imager on board the ImagerMagnetopause-to-Aurora Global Exploration (IMAGE)
satellite and energetic (9-210 ked/fion flux measured by the energetic particle and ion comipos{EPIC) instrument

on board the Geotail satellite. We examined three stornmiake during which the IMAGE satellite was located near its
apogee and the Geotail satellite was in the plasma sheeteonightside. Low-energy neutral atoms traveling from the
direction of the Earth can be created by outflowing ionosiphiens through charge exchange processes. The observed
neutral atom flux enhancement at storm-time substormsatelicthat substorms can cause an immediate increase of
low-energy ion flux over the ionosphere by a factor of 3-10the plasma sheet, the flux ratio of @1 is rapidly
enhanced at storm-time substorms and then increased fyaduatayed at a constant level in a timescale~d&0

minutes, suggesting a mass-dependent acceleration oftdosal dipolarization and a subsequent additional supply
O™ ions to the plasma sheet which have been extracted from tusphere at the substorms.

Key words: lons of lonospheric Origin, Substorms, Plasma Sheet, locekcation.

1. Introduction order (from 1-3<10?°s 1 to 1-3x 10°° s 1), while the H" flux
changed by a factor of3 (from 3x10?° s 1 to 1x10%%s 1),
Y¥rom observations by the EXOS-D satellite of ion outflow in
e energy range froral to 70 eV, Cully et al. [5] showed

Recent studies revealed the ionosphere as an importageso
of plasma to the plasma sheet and the magnetosphere. Fr

Lnoudﬂ'ég:dcglga ,ﬂ]rglg:ggi? Wé%glgﬁsg?\]lvgﬁﬁ] \?vhh?&ntkiz)?(t)  that ion outflow rate is correlated with the Kp index and some
y y geop : .solar wind parameters. The Kp dependence bfdrid O" flux

spheric source is the dominant contributor to the plasma, IS, L
i : as almost similar to that by [17]. They also found that the
extended down the tail to 10-8% during the southward IMF solar wind parameters exhibiting a strong correlation \tlith

(Bz=0to -5 nT). Alarge number of numerical simulations WETe s utflow flux were the kinetic pressure, the electric field, Hred

performed to trace ions of ionospheric origin after theyestl 5 jation in the IMF. In these studies the 3-hour Kp indexher t

from the ionosphere [e.g., 2, 4, 6]. They found that most of ;
suchions preferentially move into the plasma sheet thralugh hourly averaged solar wind data (OMN! data) have been used,

geomagnetic lobe. Thus it is important to identify how muchsques“ng that the reported good correlation is corregtion

ions of ionospheric ions are outflowing from the ionospher a statistical or average sense. Itis not clear yet how outipw

and how it depends on the geomagnetic disturbances. US%ﬁgJlslg;l;ezploagjr;zggﬁr;sagtrj]g;l&)?rﬁéurbances with a shorter

the Dynamic Explorer -1 observation of low-energy (0.01-1777 ;e study we intended to investigate how ion outflow rate

i(r?(;/?c;r?nc?dtpl(gyv Er};tzlla[r};]t;%uﬂi ?ngggd :srtrheéatlé%nir?gg(veireﬁchanges at individual substorms_, using data obtained by the
creased from 0 to 6, the Oflux increas'ed drastically by an low-energy neutral atom (LENA) imager on t_)oard the Imager
’ for Magnetopause-to-Aurora Global Exploration (IMAGE)-sa
ellite. Since IMAGE/LENA is a remote sensing instrument, it
Received 21 May 2006. provides a global image of outflowing ion flux over the polar
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servations will be displayed for the intervals 1 and 3. It wasand 3; data of the interval 2 will be omitted because of linfiit o
found that substorms caused rapid increases of both the engraper length.

getic neutral atom (ENA) flux around the Earth and theg/D"

energy density ratio in the plasma sheet. THelD" ratio sub- . .

sequently increased or stayed at a constant level with a timé Observation and Analysis

scale of 60 minutes. We will discuss these observationalt®s 4 1. |nterval 1 (1900-2300 UT on 30 October 2003)

in section 5. During this interval the SYM-H index decreased from -150
nT to -400 nT, indicating the main phase of the very intense
2 Data Set magnetic storm. Substorms were identified at 1947 UT and

2115 UT by energetic electron enhancement at geosynchron-

The IMAGE satellite is a polar orbiting satellite with a per- ous satellites, negative bays at high-latitude groundostsit
igee of 1000 km altitude, an apogee of &2, and an orbital and positive bays at mid-latitude ground stations (not show
period of 14.2 hours [1]. The satellite spins at a rate-0f5  here). Figures 2a and 2b show the ENA images around the
revolution per minute and its spin vector is anti-paraltelite ~ Earth obtained by the IMAGE/LENA imager before and after
orbital angular momentum vector. The LENA imager carriedthe first substorm onset (1947 UT), respectively. We found
by the IMAGE satellite is designed to detect neutral atoms irthat ENA flux coming from the direction of the Earth was en-
the energy range of10 eV to a few keV and has a field of hanced. ENA images before and after the second substorm on-
view of £45° against a satellite spin plane which is divided by set (2115 UT) are shown in Figures 2c and 2d. We also found
12 polar sectors [12]. Because of the spin, the LENA imagestrong ENA flux enhancement after the substorm onset. In or-
sweeps out 360in azimuthal direction, which is divided by der to see temporal changes of the ENA flux in more detail,
45 azimuthal sectors, resulting in one complete image of neuwe averaged the ENA flux around the Earth over the azimuthal
ral atom flux covering an area of gpolar)x360°(azimuth)  angle of+28° (y-direction of the ENA image) and the polar
at every 2 minutes. Since low-energy neutral atoms tragelin
from the direction of the Earth are created by outflowing iono _
spheric ions through charge exchange processes, we can in- E— LGS N
vestigate temporal change of the low-energy ion flux overthe [ . . . S R S S IR R
ionosphere from the LENA data. ‘

The Geotail satellite was placed in the near-Earth orbit of
~9x30Re in the fall of 1994 [13] and surveys the near-Earth 4
and midtail plasma sheet frequently. Geotail is equippet wi &
the EPIC instrument which provides mass and charge state in- % 0
formation about ions with an energy/charge range of 9 keV/ .,©
to 210 keVEin eight spectral points [15]. The instrument has 4
a spatial coverage of almosttér. It takes~24 s to get one
complete energy spectrum forHons, and~48 s for O" ions.
From each energy spectrum we calculated energy densities of
H* and O", and then averaged over 5 min to increase statistical
significance. We also used the magnetic field data obtained by
the magnetic field (MGF) instrument [10] onboard the Geotall
satellite. Geotail &
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3. Event Selection

From the period of August 2003 through July 2004, we se-
lected time intervals during which IMAGE/LENA and Geo-

tail/lEPIC made a simultaneous observation of ions of iono- % o2 — (' — 2(?‘03/}10/?}’ P
spheric origin, according to the following criteria. Dugithe N T P O R TR R
time interval, (1) geomagnetic storms took place, (2) the-Ge Al —:2—0%‘—/93(2—7—320(1‘%3/?103 S ,3?9%%73,/2,73, ]
tail satellite mostly stayed in the nightside plasma si@gthe bW s ]
IMAGE satellite was near its apogee, and (4) clear substorm R f

signatures can be identified by ground stations and geosyn- _. """ ......_
chronous satellites. This selection procedure yieldeoh8 ti- s 4 0 4 B 12 s 20 =
tervals, that is, 1900-2300 UT on 30 October 2003 (interyal 1 Xgsm (Rg)

0130-0600 UT on 27 July 2004 (interval 2), and 0400-0730

UT on 10 March 2004 (interval 3). Figure 1 shows orbits of theFig. 1. Orbits of the IMAGE and Geotail satellites in the
satellites in theéXgaw-Yeaw andXgsm-Zesw planes for these 3 Xgqu-Yogv (top) andXgau-Zeaw (bottom) planes for the 3
intervals. Thin lines indicate the IMAGE orbits and thickds  selected intervals. Thin and thick lines are for the IMAGH an
indicate the Geotail orbits. Geotail flewXgésu ~ —8,-16,and  Geotail orbits, respectively. Dots indicate the sateliteations at
-24Re in the interval 1, 2, and 3, respectively. In the next sec4nteger hour. “S” denotes the start location of the sateliiit the
tion we will show simultaneous observations for the intéfiva interval.
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(a) e MAGE LENA were taken. At the first substorm the ENA flux was clearly en-
stor time: 200510730 19134 (D) sfert fime: 2003/10/50 20101103 hanced from ¥10° cm2s to 3x10° cm2s~1 within 20

48.0_| [ 80|

den increase of the ENA flux fromx2L0° cm—2s ! to 1x10°

240 | S L 240 ]

ment of outflowing ion flux by a factor of 3-5.

00| | L e | [ 20 Figure 3 showed the magnetic field in tkggy andZggu
N 15 components and the'@H* energy density ratio measured by
~amo ] L o A 1o the Geotail satellite which was locatedX&gy~-8 Re (Fig-

—48.0 -24.0 0.0 24.0 48.0 -48.0

0.5
degrees dagrees

ure 1). Two vertical lines indicate onset time of the substor

log counts/sec

(C) satimer03/10/30 210256 (d) s s00s/r0/s0 21050 SO (1947 UT and 2115 UT). At the fist substorm onset, the abso-

= i o lute value ofBx decreased anB; increased, indicating that
1s dipolarization took place. At the same time theé /8" en-

1 -20 ergy density ratio increased suddenly fres to 3, and then it

UT as can be seen iBz changes. For the second substorm
onset, signatures of the magnetic field and thekD™ energy
density ratio were similar to those of the first substormt ihia
the magnetic field was dipolarized and the energy density ra-
tio increased rapidly at substorm onset, followed by a gahdu
- - increase with a timescale of 60 minutes (2130-2230 UT).

(e) IMAGE/LENA  2003/10/30
T T T T

1947 UT.

__2115UT

Geotai/MGF+EPIC 2003/10/30

Flux (cms™)

[nT]

4 ° . ° °® | °

Earth Centered Azimuth=-28°~28°
Normalized at r=5 Re

L L el L L L L L ] 100
19:00 19:30 20:00 20:30 21:00 21:30 22:.00 22:30  23:00

Fig. 2. (a, b) ENA images around the Earth obtained by the 40
IMAGE/LENA imager before and after the first substorm onset. =
(c, d) The same as Figure 2a and 2b, except for the second -
substorm onset. (e) Temporal variations of the ENA flux adoun

the Earth. Onset times of the substorms were indicated kycakr -20
dashed lines. Four black circles indicate times of Figu@2@ 4of BZ
100.0 +

angle of+44° (x-direction of the image). Then we computed
the normalized ENA flux Jnormalized from the average ENA
flux derived aboveJaveraged as it is measured at radial distance
of 5Rg, by

S tearut i
_amsut

10.0

r—15\2 10F .
Jnormalized= Javeragedx 5_—15 ) E ' ' 3
. o . _ » [ O*/H* Energy Density Ratio' ]

wherer is the radial distance of the satellite positionRa. 0.1 ‘ ‘

Here the ENA source was assumed to be at geocentric alti- 900 1930 2000 2030 21200 21:80 2200 2230  23:00
tude of 1.5Rg [8]. This generates time series data of ENA

flux around the Earth with a time resolution of 2 minutes. WeFig. 3. From top to bottom: The magnetic field in tbigy and
calculated a running average Hfmaiizegwith a time window  Zggy components, and the'@H™ energy density ratio measured
of 8 minutes, which is displayed in Figure 2e. Vertical dashe by the Geotail satellite.

lines indicate onset time of the substorms. Black circles co

responds to times in which the LENA images of Figures 2a-2d

(©2006 ICS-8 Canada

minutes. The second substorm was accompanied by a sud-

cm~2s~1, This indicates that the substorms caused an enhance-

showed a gradual increase during 2000-2030 UT, even though
the substorm expansion phase has already ended at 2000-2010
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4.2. Interval 3 (0400-0730 UT on 10 March 2004)

This interval was found in the recovery phase of a moderate
magnetic storm and the SYM-H index was between -100 nT
and -60 nT. We identified occurrence of a substorm at 0528
UT by dipolarization and energetic proton enhancementat ge
synchronous satellites, a negative bay at high-latitudemp
station, and a positive bay at low-latitude ground statioot (
shown here). Figures 4a and 4b display the IMAGE/LENA im-
age around the Earth before and after the substorm. It was re-
vealed that the ENA flux traveling from the direction of the
Earth was enhanced after the substorm. Figure 4c shows ENA
flux variations derived in the same way as Figure 2e. A ver-
tical line and two black circles indicate times when substor
occurred and the LENA images of Figures 4a and 4b were
taken. The ENA flux before the substorm stayed arounticf
cm2s71, while it increased up to:210° cm~2s~1 within 10-

20 minutes after the substorm, indicating an enhancement of
outflowing ion flux by a factor of 10.

Figure 5 demonstrates the Geotail dat&Xat-24 R in the
same format as Figure 3. At the substorm, which is indicated
by a vertical line, the absolute value B decreased anB;
increased, being a dipolarization signature. For aboutur ho
prior to the substorm onset (i.e., 0430-0528 UT), Geotad wa
in the magnetic lobe and we could not 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 /8" ratio of 0.02-0.05.
Assuming that the ®/H™ energy density ratio did not change

50
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significantly before the substorm onset, we can expectigat t
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Fig. 4. The same as Figure 2, except for the interval 3.
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Fig. 5. The same as Figure 3, except for the interval 3.

energy density ratio was strongly enhanced at dipoladmati
Even though the substorm expansion 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 hour.

5. Discussion

We examined variations of ions of ionospheric origin over
the ionosphere and in the plasma sheet when storm-time sub-
storms were initiated. From the IMAGE/LENA observation we
found that the ENA flux around the Earth was enhanced rap-
idly (within 10-20 minutes) by a factor of 3-10 at substorms.
(Substorms in the interval 2 were also accompanied by the
ENA flux enhancement in the similar way to those in the in-
terval 1 and 3.) The Geotail/EPIC observation showed theat th
O"/H™ energy density ratio in the plasma sheet was immedi-
ately enhanced when local dipolarization signatures appea
and then increased gradually or stayed at nearly constagit le
in a timescale of 60 minutes. These Geotail observations wer
similar among three different locations ¥ggy~-8, -16, and
-24 Re, though data aXggy~-16 Re were not shown here be-
cause of page limit.

5.1. Response of outflowing ion flux to substorms

From the IMAGE/LENA observations we suppose that sub-
storms can cause sudden and drastic changes of the ion flux

(©2006 ICS-8 Canada
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outflowing from the Earth. Since this flux change caused bypressure enhancement (from 6 nPa to 7 nPa) which is due to
substorms s nearly comparable to that during Kp increase fr  slight solar wind velocity enhancement (from 650 km/s to 700

0 to 6 (i.e., threefold to tenfold) which was statisticallg-r km/s). On the other hand, we found that there were no clear
vealed by [17] and [5] (see section 1), it is important to takepressure changes at substorms in the interval 2, but rdue t
substorm occurrence into consideration when we study outwere northward turnings of the IMF with an amplitude of 10-
flowing ion flux. We can expect that such drastic change oR0 nT. It is left for future study to examine which solar wind
outflowing ion flux at substorms possibly affect ion composi-dynamic pressure enhancement or substorm is more essential
tion in the plasma sheet; this issue will be discussed in@ect to the immediate increases of the ionospheric plasma outflow
5.2.

It is noteworthy to mention prompt response of outflowings 2. jon composition change in plasma sheet

ion flux to the solar wind dynamic pressure, which has been We consider that the first sudden enhancement of thei®

described by [11], [7], and [8]. They reported that enhance'energy density ratio in the plasma sheet is caused by mass-

ments of solar wind dynamic pressure (or standard deviatiojehengent acceleration of ions at dipolarization and tie su
of dynamic pressure) led to bursts of ion outflow. Their réS—qqent gradual increase of the energy density ratio isalue t
ults m|ght be explained by that enhancement of the solar wind, 5qgitional supply of ®ions which are extracted from the
dynamic pressure preferentially triggers substorms [9Rd- 5 qqphere at the substorm onset. This idea is supported by
tual fact, the two substorms in the interval 1 appeared 10 b, o spectral changes observed by the Geotail/EPIQinstr
associated with strong compression of the magnetosphere dy, o ¢ Top two panels of Figure 6 display Hind O energy

ing high solar wind dynamic pressure, as discussed by [¥4]. Aqhacirq in the plasma sheet for the substorm onset at 1947
the substorm onset in the interval 3 there was a weak dynam T on 30 October 2003 (the first onset in the interval 1), and

bottom two panels, for the substorm onset at 0528 UT on 10

¢ Geotail/EPIC 2003/10/30 ¢ Geotail/EPIC 2003/10/30 March 2004 (the onset in the interval 3). Different line viadt
R ' R ' means different time intervals; thatis, light, medium, Aredvy
H* ¢ ot lines represent energy spectra before onset, 10-15 miafiézs
onset, and 30-60 minutes after onset, respectively. It aasd
10%} . 10%F ] that the H energy spectra did not show significant changes in

both substorm onsets. However, the €nergy spectra changed
drastically at the energy range of a few tens of keV to 100 keV
4| ] after dipolarization (medium line), implying that accelton

of ions was more effective to Oions than H ions. At 30-60
minutes after the onset, we found that @ux in lower energy
range from 9 keV to a few tens of keV showed a further in-
crease (heavy line). The'Oncrease in the lower energy range

Differential Flux [1/(cm?*s*sr*keV)]
=

Differential Flux [1/(cm?®*s*sr*keV)]
=

a: 19:35-19:40 UT a: 19:35-19:40 UT can be explained by that extra’Qons are transported into
b: 19:55-20:00 UT b: 19:55-20:00 UT e .
¢/ 20:10-20:15 UT ¢120:10-20:15 UT the plasma sheet within 60 minutes after they are extracted
102l ! 102l - from the ionosphere at substorm onset as confirmed from the
10 gy (kv " ey eV LENA observations (Figures 2 and 4). This timescale is con-
Geotail/EPIC 2004/03/10 Geotail/EPIC 2004/03/10 sistent with previous studies showing that transit timeooki
T N Rt e from the ionosphere to the plasma sheet via the magnetic lobe
10° 2 + ] 109} + is <1-2 hours [2, 3, 6].
b H @)
3 104} 3
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