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Abstract. In the evening equatorial magnetosphere at aboupropagation of the solitary structure which is maintained by
4 Rg geocentric distance and 19 MLT, the four Cluster space-energetic ions. The solitary structure might also be the cause
craft observed a solitary structure with a width of about of Pi2-like magnetic variation that started simultaneously at
1000~2000km in the propagation direction. The solitary Cluster location.
structure propagates sunward with abott1® km/s carry-
ing sunward electric field (in the propagation direction) of up
to about 10 mV/m (total potential drop of about-50 kV),
depletion of magnetic field of about 25%, and a duskward
E x B convection up to 50km/s of Herich cold plasma
without Ot. At the same time, auroral images from the IM- 1 Introduction
AGE satellite together with ground based geomagnetic field
data showed a westward (sunward at this location) propagatone of the essential elements of the magnetospheric sub-
ing auroral bulge at the magnetically conjugate ionospherestorms is the sudden formation of a large-scale auroral bulge
with the solitary structure. The solitary structure is main- in the nightside ionosphere and its westward surge as well as
tained by flux enhancement of selectively 3000 km/s ionspoleward expansion (Akasofu et al., 1965). The bulge has
(about 50keV for H, 200keV for He", and 750keV for ~ complicated large-scale electric field and large-scale current
O™*). These ions are the main carrier of the diamagnetic cursystems (e.g. Akasofu, 1977; lijima and Potemra, 1976; In-
rent causing the magnetic depletion, whereas the polarizahester et al., 1981), and is directly related to auroral kilo-
tion is maintained by different behavior of energetic ions andmetric radiation and Pi2 pulsation (Benediktov et al., 1968,;
electrons. Corresponding to aurora, field-aligned accelerate€purnett et al., 1974; Rostoker, 1967; Saito et al., 1976; Ol-
ionospheric plasma of several keV appeared at Cluster fronson, 1999; Morioka et al., 2009). Magnetospheric substorms
both hemispheres simultaneously. Together with good correalso accompany sudden flux increases of energetic particles
spondence in location and propagation velocity between thé10?~2keV ions in the pre-midnight and 407 keV electrons
auroral bulge and the solitary structure, this indicates thain the post-midnight) at the nightside geosynchronous dis-
the sunward moving auroral bulge is caused by the sunwardance (Arnoldy and Chan, 1969; Reeves et al., 1990).

To understand the substorm, it is important to understand
the relationship between these accompanying elements. This
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magnetospheric signature of westward propagating auroratame as the sunward direction. Since the Cluster data is given
bulge in the evening sector has not been studied much conin the Cartesian coordinate, we use the term “sunward” when
pared to the other magnetospheric signature of the substoritine direction matters in the Cluster data, whereas we use the
except Roux et al. (1991). Most of the past observationgraditional term “westward” for the auroral phenomena in the
of the westward moving auroral bulge in the evening sec-ionosphere. Similarly, “duskward” direction in the Cluster
tor (Opgenoorth et al., 1989; Lyons et al., 1990; Fujii et al., data corresponds to “poleward” direction in the ionospheric
1994; Weimer et al., 1994; Sanchez et al., 1996; Gjerloev etlata.
al., 2007) are limited to low altitudes and not near the equa-
torial plane. Inversely, most of the magnetospheric observa- )
tion of the auroral bulge is limited to midnight sectors where 2 Eventand instrument
phenomena is convoluted by many effects such as Haran
discontinuity (e.g., Lyons et al., 2005).
Thu;, there is amissing link betweep the equt_:lto_nal Slgna_Figure 1 shows Cluster particle data (RAPID in Fig. 1la and
ture (ring current ions and electrons, ionospheric ions, plas- T .
L . : CIS in Fig. 1b and c, see Sect. 2.3 for the instrumenta-
maspheric ions, DC field, wave) and the evening auroral ; . . i
: : tion) during Cluster perigee traversal (06:1@7:40 UT) on
bulge that is away from the substorm onset region. In the .
. . 19 May 2002. There are two epochs of sudden changes in
model, the westward motion of evening aurora has been con;

sidered as the result either by ionospheric Hall current anc}he ion data. One is at around 06:43:00UT in the ener-
y P getic component (101000 keV) and the low energy com-

conductivity gradleqt in the magnetosphere—lonosphere Cou ent (100 eV), and the other is at around 06:48:30 UT in
pled electromagnetic system (Kan and Sun, 1985; Lyons € : . .
he sub-keV component with some changes in the energetic

al., 1990), or result of magnetic drift (Summation of gradient- component. These two events have different characteristics

B drift and curvature drift) of plasma sheet ions (Vasyliu- in the changes (ener itch angles, and amount of flux)
nas, 1970; Wolf, 1970). The magnetosphere plays relatively 9 9y, P g'es,

a passive role in the former models. whereas the maanet and ground auroral signatures (auroral bulge and poleward

S Fr:eric drift plavs active role in the Ie{tter models 9 qeaped arc), and the relation between these two epochs is not

P play . g clear. Therefore, we concentrate on the first epoch at around
Another relatively unexplored element is possible role of

the flux enhancement of the energetic particles of the ring%esg%grreg]ot?;?ﬁ?ﬁer' ﬂ'jtrlljeresecond event after 06:48:30 UT

current. Several mechanisms have been proposed in the past
for how the energetic ions is supplied to the ring current dur-2 2 Cluster constellation
ing magnetic storms (e.g., Williams, 1985), and substorm-

related process is one of the most important candidates berjgyre 2 shows the Cluster locations in GSE coordinate at
cause of large variation in DC electric field (e.g., Akasofu the time of the event during the Cluster perigee traversals on
and Chapmann, 1961; Williams, 1987; Kamide et al., 1998_;19 May 2002. The spacecraft (SC) separation is very small
Reeves and Henderson, 2001; Reeves et al., 2003; Dagligzo~300km). The traversal direction is mainly northward
2006). However, no solid observational work has performedfor a|| spacecraft following very similar trajectories in the
to understand the influence of this enhance flux to the othegqer of SC-1, SC-4, SC-2, and SC-3, with about 1 min lag
phenomena such as electric field and magnetic deviation. petween SC-1 and SC-4. This time lag is much longer than
We found an ideal event to investigate the above twojnter-spacecraft time lag of the phenomena, and therefore,

topics from Cluster perigee traversal. On 19 May 2002 ne time lag due to satellite velocity can be ignored.
at around 06:43 UT, westward moving auroral bulge in the

northern ionosphere observed by IMAGE/FUV arrived at 2.3 Instrument
conjugate location of Cluster spacecraft (SC) which were
all located near the equatorial plane in the evening sectoburing this event, hot electron (PEACE) instrument was
(X=-12Rg, Y=—-42Rg, Z=-04Rg in Geocentric  switched off, but other particle instruments (CIS and RAPID)
Solar-Ecliptic (GSE) coordinate, or about 19 magnetic lo- were in operation, as well as instruments for the electric and
cal time (MLT) andL = 4.4) near its perigee. In this event, magnetic fields (EFW, FGM, STAFF), and the electron den-
both energetic ion flux and DC electric and magnetic fieldssity (WHISPER). Details of these instruments are found in
suddenly changed simultaneously when an evening auroraRéme et al. (2001) for CIS; Wilken et al. (2001) for RAPID,
bulge arrived at the Cluster conjugate. Gustafsson et al. (2001) for EFW; Balogh et al. (2001) for
The event reported here gives information on propagation=GM; Cornilleau-Wehrlin et al. (1997) for STAFF; and De-
of large DC electric field in the equatorial plane; behavior of creau et al. (2001) for WHISPER.
medium-energy ring current ions that is related to the DC We primarily use data from CIS and RAPID. CIS con-
field changes and auroral bulge; and composition of coldsists of two instruments for positive ions measurement
plasma that indicates plasmasphere expansion in the innext energies about few eV to tens keV for normal mode:
magnetosphere. At 19 MLT, westward direction is nearly theHIA (0.004~40keV) without mass analyzer, and CODIF

%.1 Event identification
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Cluster (SC-1) RAPID & CIS/HIA , 2002-5-19

(a)

— 75 41 average N e- (340~410 keV)

TS5+ — — — — : - S 4—|(—16G~3704<e\%)
x¥o5l ek ) , « _ _He(350~740 keV) x 5
2T 8- : \ eV)x1000
'(_-“‘_m = 1 1 ] 3
Sy I (75~92 keV) x 1 i/ "
£ £ 167He(170<240keV)x 100 "R — — — —/—

0O m 8,

o

—_
~—
o

ositive ions &=

cm-2 s-1 keV-1)

XGSE  -16 06
YGSE 39 .
ZGSE  -18 . :
Distance 4.6 . : log JE
(€ i g 3
(O]
72X
= 5
135° E 74 2
- 70 &
c T
o 135 i7'1 |.|C.|
2 67
G 135 1 i6.9
o 90° =
Q 45° — W65
A 135°3 7.2
90°—= E
45>~ 0.1~1 keV L 6.6
135°3 7.5
90°—= i
45°—= 0.004~0.1 keV 6.7
UT 06:30 06:35 06:40 06 45 06:50 06:55 07:00

Fig. 1. Cluster particle data from spacecraft-1 during perigee traversal on 19 May 2002 during-08:40 UT.(a) Time series plots of

47 averaged differential fluxes (cnd s~ str-1 keV—1) of energetic particles observed by RAPID. Several energy channels with the same
change (sudden decrease or sudden increase) at around 06:43 UT are intégya&Eeergy-time spectrogram ofrdaveraged differential

energy flux (keV cm?s~1str1keVv—1) observed by CIS/HIA(c) Pitch angle-time spectrograms of differential energy fluxes observed by
CIS/HIA at different energy ranges (energy-averaged). For (b) and (c), one pixel corresponds to 12 s with 4 s sampling (and averaged) and
8sidle.

(0.03~40 keV) with mass analyzer. During this event, HIA  RAPID consists of two instruments, one for positive ions
was operational in SC-1 and SC-3 with relatively low sam- with 12 sectors at tens keV to MeV range (IIMS) and one for
pling rate (a 12-s cycle of sampling one spin (4s) andelectrons with 9 sectors (IES) at 2@00 keV. During this
idle two spins) from only 8 sectors instead of 16 sectors,event, both IIMS and IES were operational at all spacecraft
and CODIF was operational in SC-1, SC-3, and SC-4 withwith one-spin (4 s) sampling cycle for electrons and protons
slightly higher sampling rate than HIA (mostly 8-s cycle of (H™), and four-spin (16 s) sampling cycle for He group and
sampling one spin and idle one spin). CNO group. For electrons, the observation mode for SC-1
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X-Z projection  Y-Z projection 3 Observation
[km] | \sc-1 \x | | "
7 7 i The event took place about 10h after the arrival of inter-
2600 _| L L planetary coronal mass ejection at around 20 UT (initial Dst
spike of +28nT) with solar wind density about 50T
4 SC-4 x F4 x - (from 7 cnm3), velocity about 500km/s (from 350 km/s),

interplanetary magnetic field (IMF) intensity about 20nT

~2700+ scax | | < | (from 5nT). By one hour before the event, they decreased
2002-5-19 N@ i L i to about 10cm?®, 430km/s (i.e., 3nPa), and 15nT. The
I solar wind and geomagnetic activities are thus high but
06:44 UT 28004 x sc-3 Fox = not extreme. In fact this interplanetary coronal mass ejec-
. T w T T T tion caused only a minor magnetic storm with minimum
Top View o el Vg flen’ D, =—58nT at 06-07UT and minimum SYM-H=71nT
26700 x| at07:09-07:11 UT. These valges indicate minor level of ring
3 . % current development (lyemori et al., 2009). The composition
> 26650 x L of the ring current (H flux dominate over O flux) also con-

‘ ‘ ‘ firms that this is a minor storm (e.g., Daglis, 2006).
X-Y projection

3.1 Geomagnetic and optical condition

Fig. 2. Location of Cluster at 06:44 UT on 19 May 2002 in Geo- Before the SYM-H minimum at 07:10 UT, SYM-H contin-
centric Solar-Ecliptic (GSE) coordinate. All spacecraft are nearly uously decreased from the sudden commencement 10 h be-
atX=-12Rp, ¥ =—42Rg, Z=-04Rg in GSE, or about 46 (starting from about +60 nT). During latest 3h, SYM-

19MLT and L =4.4. The right side shows spacecraft (SC) con- . g
stellation (SC-1: black cross, SC-2: red cross, SC-3: green crossH monotonically decreased except for a short recovery dur

and SC-4: blue cross). The upper panels showktheZ projection ihg 06:28-06:36 UT. Embeddeq in_ this ring_ current de-
(left) and they — Z projection (right), and the lower panel shows VEIOPMenNt, a substorm expansion is recognized at around
the X — Y projection. 06:26~06:34 UT in the geomagnetic field data, and the short

recovery of SYM-H mentioned above is due to the substorm-

related disruption of the cross-tail current (Ohtani et al.,
was not appropriate until 06:48 UT for the observed high2001).
flux, while the other spacecraft registered correct electron Figure 3 shows AL and AU indices, and geomagnetic
flux during entire period (the observation mode is switcheddeviations (X-component, relative values) from Macquarie
for high flux after 06:32 UT). Fortunately, energetic compo- Island (MCQ), Sitka (SIT), and Meanook (MEA) during
nent (-240keV) is not effected by the different observation 06:20~06:50 UT (1 min resolution). MCQ is the nearest con-
modes very much, and hence we showed this component ijugate of Cluster (only 5off in magnetic longitude and*Joff
Fig. 1. in magnetic latitude). Starting at around 06:25 UT, AL de-

In addition to Cluster, we used IMAGE/FUV data (Mende creased during 06:2806:33 UT. This corresponds to a sub-

et al., 2000) for auroral image, geomagnetic indices (Dststorm expansion in the midnight sector as observed by IM-
and SYM-H) for ring current development, AE (provi- AGE.
sional AU and provisional AL from 11 stations) for sub-  Figure 4 shows the IMAGE/FUV data (Mende et al.,
storm activity, and ASY for supplement to Abhttp:/ 2000) during 06:2306:46 UT (2 min resolution). It shows
swdcwww.kugi.kyoto-u.ac.jp/wdc/Sec3.hjniground geo-  a brightening of an auroral arc (onset of a substorm) at mid-
magnetic data from relevant stations for conjugate checknight at around 06:25 UT with subsequent expansion of the
ACE data for solar wind monitoringhftp://www.srl.caltech.  auroral bulge during the next several minutes. Geostationary
edu/ACE/ASC/level2/index.htl GOES-8 geosynchronous GOES-8 satellite at around 01 LT also detected dipolariza-
satellite data for the confirmation of the substorm activ-tion at around 06:26 UT (not shown here). The MEA station
ity, and Los Alamos National Laboratory (LANL) geosyn- in Fig. 3 corresponds to the westward edge of this substorm
chronous satellite for the general energetic particle data irauroral bulge after 06:30 UT.

the evening inner magnetosphehitp://Ieadbelly.lanl.goy/ During this expansion, the brightest region of the mid-
lanl.ep data). Explanation of SYM and ASY is found in night auroral bulge is limited to only°5in latitude in the
lyemori et al. (2009). post-midnight sector and less thahif latitude in the pre-

midnight sector, whereas a less intense auroral arc (indicated
by a dashed arrow) poleward of this auroral bulge in the
pre-midnight sector is intensified without moving its posi-
tion. The pre-midnight bulge part stayed equatorward of this

Ann. Geophys., 27, 2942969 2009 www.ann-geophys.net/27/2947/2009/
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Geomagnetic Deviation 2002-5-19 IMAGE/FUV/WIC data: 2002-5-1 %
onset bulgeCluster 06:23:32 UT - 06:35:50 UT
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Fig. 3. The provisional AU and AL indices from 11 stations
and geomagnetic deviation X-component from three stations during
06:20~06:50UT on 19 May 2002. The numbers given after each
station’s code at the bottoms are the corrected geomagnetic latitude
and the magnetic local time. Note that the corrected geomagnetic
latitude is sometimes different from the dipole geomagnetic latitude ™"
by up to # (MCQ is —60° in the dipole coordinate). MCQ is also
the nearest conjugate of Cluster (onR/&f in magnetic longitude
and P off in magnetic latitude) during this period. The timings of
“onset” and “bulge” in the figure are determined by IMAGE/FUV
auroral image in Fig. 4, and the event “Cluster” is the time when
Cluster detected large change in Fig. 1.

oleward arc, i.e., stayed far inside the separatrix. Thus, thi§'9: 4 'MAGE/F.UVWideband Imaging Camera (WIC) datain the
P Y P magnetic coordinate (GMLat and MLT) during 06:286:46 UT

bulge belongs to the type reported by Murphree and Cogge(r)n 19 May 2002 taken from the Northern Hemisphere (bottom is

(1992), and is not the type proposed by Lyons et al. (1990)y5 \1iT and left is 18 MLT, covering 50~ 90° GMLat).
or Ober et al. (2001). The double-arc structure is seen in the

entire evening sector, one at around §@omagnetic latitude

(GMLat), and another at 70~75’GMLat. is expected to be delayed. ASY-D increased by 50% from
Both the AL index and the IMAGE/FUV image show 06:28 UT to 06:36 UT, but quickly decayed afterward. Even
short duration of this substorm (less than 10 min). The de-SYM-H showed short duration (06:28—-06:36 UT, not shown
crease of AL stopped at 06:33 UT with only 100 nT changehere) of increase that is attributed to a decrease of the cross-
from the substorm onset, and AL started to recover alreadyail current during the substorm. From these data, this sub-
from 06:34 UT. The midnight auroral brightening stopped at storm is considered as a minor one.
around 06:34 UT for both equatorward bulge and poleward When the initial substorm activity at midnight started
arc, and they substantially faded by 06:42 UT. The quickto decay, the second activity started in the evening sector.
decay is also found in the mid latitudes where the decayThe poleward arc at Y19 MLT was activated at around

www.ann-geophys.net/27/2947/2009/ Ann. Geophys., 27, Z263-2009
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Table 1. Timeline of the event.

et al., 2006) or neither of them. In this paper, we study the
last equatorward activity at 6@GMLat because this is con-
jugate to Cluster.

UT Event _ o
The evening equatorward activity (auroral bulge) ex-
06:22 S“bito;m %ns_e; o o panded and moved to reach 19 MLT, i.e., the Cluster's local
06:34  peak of midnight activity = start of decay time and latitude at around 06:42 UT. The westward veloc-
06:38 start of evening activity . . . .
. . ; . ity of the bulge front obtained from Fig. 4 is at abouwt&’
06:42  evening optical bulge arrive at 19 MLT | itude/mi Kkm/ d) f . ] d
06:42:50 start of decrease in total B 0”9,"” e/min ¢-3 n: sat groun )_ or 06:3806:42 QT, an
06:42:50 start of decrease in energetic electron begin to stagnate~(1° longitude/min) afterward. This corre-
fluxes sponds to a sunward motion at 4?4 of about 26-25 km/s
06:43:00 start of sharp decrease in total B (SC-3 for 06:38~06:42 UT, and<10 km/s afterward. The geomag-
leading by several s) netic field at MCQ (nearest conjugate) also show a sharp
06:43:20 start of increase in E-field (SC-3 leading change between 06:42 UT and 06:43 UT, and this timing cor-
by a few s) _ o responds to the arrival of the auroral bulge. We do not know
06:43:20  start of increase/decrease in energetic ion the longitudinal extent of geomagnetic disturbance for this
43:20 fluxes _ dd b d auroral bulge because the location of the event corresponds
06:43:20  lon convection exceed detectable spee to East Siberia where geomagnetic stations are not well de-
(SC-3 leading by 105s) loved
06:44:00 appearance of~20keV field-aligned pioyed.
ions . -
06:44:10 peak in E-field at (SC-3 leading by 10s) 3.2 DC electric and magnetic fields
06:44 evening optical bulge started to fold . o .
06:45:55 sudden decrease of the DC E-field Corresponding to the timing when the auroral bulge arrived
06:46  evening optical bulge started to decay the Cluster’s conjugate, all Cluster spacecraft observed sud-
06:46 sudden appearance ofT5keV ions at den enhancement of DC electric field and sudden rarefac-

all pitch angles

tion of geomagnetic field. Figure 5 shows overview of the
field data from SC-4 during 06:4206:49 UT, and Fig. 6
shows overplot of the total magnetic field and electric field
from multi-spacecraft during 06:42:3@6:46:30 UT. The

06:36 UT as indicated by a white arrow in Fig. 4, and the b fie|q data is sampled at 25 Hz for electric field (EFW)
equatorward arc at 20 MLT was activated at around 06:38 UT 4 22 4 Hz for magnetic field (FGM).

as indicated by a grey arrow in Fig. 4. These new bright-

The DC magnetic field which is pointing northward started

enings quickly.developed during next seve.ral minutgs. .Theto decrease gradually from around 06:42:50 UT and sharply
poleward evening arc became the brightestin the entire nighty ., 5nd 06:43:00 UT. The DC electric field started to

side during 06:3806:42 UT, followed by the equatorward

increase at around 06:43:20 UT, pointing tailward. Within

evening arc after 06:42UT, which .b.ec"?‘me a bulge_ratherl min from the start of increase, DC electric field reached
than an arc. The new auroral activity is accompanied byits single peak of up to 10mV/m at around 06:44:10 UT,

new geomagnetic deviations at SI*Z1MLT) and MCQ
(~19 MLT), starting at 06:38 UT and 06:39 UT, respectively.
Both stations (about 6@GMLat) are located nearby the new

auroral bulge in the equatorward arc.

then kept relatively high value until the field direction and
strength sudden changed at around 06:45:55UT. Contrary
to the electric field, the DC magnetic field has several min-
ima at around 06:43:50 UT, 06:45:00 UT, and 06:46:40 UT,

Thus both the geomagnetic field data and optical datgn the semi-periodic way (0.01 Hz frequency range). The de-

show three discrete activities. One is the substorm onset angrease reached about 25% (from 180 nT to 135 nT) at around
subsequent expansion of activity in the midnight at aroundpg:45:00 UT. The density variation somewhat reflects both
06:25UT~06:34 UT, another is the brightening of evening variations, with minimum at the same time as the main mag-
poleward arc starting at around 06:36 UT, and the other is theyetic depletion at around 06:45:00UT (from 300¢hto
formation of the evening auroral bulge and subsequent de200 cn 3, or 30%), and a sudden change simultaneously
velopment starting at around 06:38 UT at around®MLat. ith electric field at around 06:45:55 UT. Thus, these vari-
Table 1 shows timeline of these epochs as well as the Sate”itg_tions are not correlated to each other. No prominent wave
observation described later. activity up to the cyclotron frequency (about 2.5 Hz fot H
The last two activities developed after the substantial de-and 0.15Hz for @) is observed during this period until
cay of the first activity. Since these three brightening event96:45:55 UT.
are not geographically connected to one another, one may not The inter-spacecraft difference in these DC fields varied in
simply assume any causality, i.e., whether the last brightentime, indicating that at least two different propagations are
ing was leaped from the original substorm bulge or from theconvoluted. For example, the peak of the DC electric field at
brightened poleward oval or combination of both (Yamauchiaround 06:44:10 UT is clearly led by SC-3 against SC-2 and

Ann. Geophys., 27, 2942969 2009 www.ann-geophys.net/27/2947/2009/
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Cluster (SC-4) FGM & EFW & STAFF data,2002-5-19 CIuster FGM & EFW data 2002-5- 19
200 By 200} ]
= 180
=) -
S160[C2
[aa]

Exy [mV/m]

Frequency [Hz]

Fig. 6. Multi-spacecraft overplot of DC total magnetic field (up-
per panel) and total spin-place electric field (lower panel) during
06:42:30~06:46:30 UT, 19 May 2002 observed by FGM and EFW.
Both the magnetic field and the spin axis point nearly northward
during this period. Data are de-spined (spin period is about 4 s) af-
ter sampled at 25 Hz for the electric field (EFW) and 22.4 Hz for the
magnetic field (FGM). SC-1 electric field data is not shown because
of de-spin problem. The highest peak of the SC-1 electric field ap-
pears at about 06:44:15 UT at nearly the same timing as SC-2 and
SC-4 although the SC-1 data is not shown here.

Frequency [Hz]

0 e e = . S
06:42 06:43 06:44 06:45 06:46 06:47 06:48 06:49

Fig. 5. DC and AC field data during 06:42:6@6:49:00 UT, 19
May 2002, observed by EFW, FGM, and STAFF from spacecraft

4. From top to bottom: DC magnetic field (three components in . g .
GSE), DC electric field (spin plane components), estimated plasnghe observed changes in the electric field are due to a spatial

density, power spectral density of AC magnetic field, and powerstructure moving past the spacecraft, and that the structure
spectral density of AC electric field. Since the spin plane is aimostiS flat on the length-scale of the separation of the satellites,
perpendicular to the magnetic field, the parallel E cannot be estiwe can use the spacecraft constellation (Fig. 2) and timing to
mated during this period, and the spin plane component is nearhestimate the velocity of the structure. Fortunately, the timing
the same as GSE — Y plane. The sudden drop of the density at between SC is the same between the DC electric field and the
around 06:48:30 UT is confirmed by WHISPER. DC magnetic field for the peak at about 06:44:10 UT, and we
can use the timing in the magnetic field to obtain the propa-
gation velocity. Our estimation falls about+30 km/s (about
SC-4 by about 10 s in Fig. 6. This lead is also recognized in50~100 km distance in about 10 s) in mainly sunwa#dx()
the local maximum of the magnetic field at the same time, inwith large dawnward-{Y) tilt.
which SC-3 leads against other three SC. The lead of SC-3 On the other hand, the nearly simultaneous timing between
is seen even at the start of the event: the start of the shargpacecraft at the magnetic minima at around 06:43:53 UT
decrease in the magnetic field at around 06:43:00 is led byand 06:44:59 UT might mean quick propagation along the
SC-3 by several seconds in Fig. 6, and the start of the sharmagnetic field. From the density (28800cnT3) and
increase in the electric field at around 06:43:25 is led by SC-3nagnetic field (146180 nT), Alfven velocity is estimated
by several seconds in Fig. 6. However, the local minimum of200~250km/s. Since the spacecraft separation in Zhe
the magnetic field is found simultaneously at all SC at bothdirection is only 56-250 km, the propagation time is only
06:43:53 UT and at 06:44:59 UT within half spin. Clearly about 1s between northernmost SC-1 and southernmost SC-
such Pi2-like multiple peak is caused by different mechanismg if propagation is along the magnetic field with Adfiw
from the single peaks of the DC electric field. velocity. This means that the Alén signature (this car-
Therefore, we use the peak time of the DC electric field atries the DC field) is observed nearly simultaneously be-
around 06:44:10 UT for the timing analyses. Assuming thattween SC. In this case, one must also consider the possibility
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that quick bouncing of Alfén wave along the magnetic (rarefying) and inward (recovering). Such a simple oscilla-
field constituted the sunward progression as is employedion means a perpendicular current without field-aligned cur-
in some magnetosphere-ionosphere coupling models (e.grent. This Pi2-like variation is not visible at MCQ in Fig. 3
Sato, 1978). However, this scenario does not explain thelue to low temporal resolution of the data (1 min resolution).
behavior of the energetic particles that is shown later in  The combination of the strong DC electric field and Pi2
Sect. 3.5. The behavior of the observed DC field is also dif-range magnetic oscillation is a typical phenomenon at the
ferent from the prediction by the magnetosphere-ionosphergubstorm onset (e.g., Olson, 1999, Roux et al., 1991). How-
coupling models (e.g., Sato and lijima, 1979). The reflectedever, neither the electric field nor magnetic pulsation started
Alfvén wave has nearly opposite phase relation (skewedct the onset of the substorm (at around 06:25UT) or when
by Hall conductivity effect) between the deviated DC elec- the bulge is formed (at around 06:38 UT). The activity did
tric and magnetic fields, causing a sawteeth-like field vari-not start until the arrival of the auroral bulge at the conjugate
ations superimposed on the original field change (Sato anibnosphere. This indicates that they are related to local au-
lijima, 1979), but the observed change from 06:42:50 UT tororal bulge but not global substorm onset (Shiokawa et al.,
06:43:50 UT is nearly monotonic. 2002).

The DC electric field pointed mainly tailward until At around 06:45:55 UT, the spin-plane electric field sud-
06:45:55 UT, gradually rotating from duskward deflection denly dropped from 7 mV/m to 3 mV/m within several sec-
(positive Ey) to purely tailward (smallEy), ending with  onds in Fig. 6. Accompanying this change, a low-frequency
dawnward deflection. The observed electric field is parallelelectromagnetic wave burst is observed and the density
to the propagation direction of the peak electric field. There-drops, but the DC magnetic signature is barely seen in Fig. 5.
fore, the propagation is longitudinal, i.e., electric charge The change is very sharp compared to the peak at around
is accumulated at the front of the propagation. Such a06:44:10 UT (gradient lasts about 40s), and is simultaneous
charge accumulation normally causes a strong downwardt all spacecraft by a few second in Fig. 6. The quick change
field-aligned current, but such current is not visible in the of the electric field indicates a boundary crossing. The cross-
magnetic field data (iBx andBy). The accumulated charge ing direction is probably outward according to the timing
most likely further propagate sunward before it is lost in the of the small magnetic dip at around 06:45:55 UT (SC-4 is
form of the field-aligned current. leading, followed by SC-2), although the difference is within

The 10 mV/m electric field in the equatorial plane is a level one spin. The slightly different behavior at SC-3 might be
of substorm onset and is quite high considering its locationdue to spatial structure rather than the temporal structure.
at 1I9MLT (Pedersen et al., 1984; Maynard et al., 1996).0n the other hand, the change in the electric field direction
If we map this electric field to the ionosphere, it would be (or strength ofEy) is relatively smooth (taking about 40's)
nearly 100 mV/m (corresponding to about 2km/s convec-across this boundary.
tion), reaching to the same level of small-scate3Q km)

DC electric field in the ionosphere with aurora during sub- 3.3 Helium-rich cold ion convection

storms, but it is unrealistically large as a large-scale electric

field (Kamide et al., 1996; Sanchez et al. 1996; Marklund, The strong DC electric field of 10 mV/m perpendicular to the
1997). Thus, there must be parallel potential drop betweerbackground magnetic field (mainly northward) of 160 nT at
the ionosphere and the spacecraft location, in agreement withround 06:44:10 UT means dhx B drift velocity of about
the brightening of the aurora at the satellite conjugate. 60 km/s for all ion species. With such a high velocity, thermal

A 5~ 10km/s sunward velocity is comparable to mag- ions have enough energy to be detected by CIS with ordinary
netic drift of 15~ 30keV ions or electrons (mass indepen- observation mode, which has the lowest energy threshold of
dent) in both the direction and the speed. The one-minuteabout 4 eV/q for HIA and about 25 eV/q for CODIF. Afix
time scale from the start of the event to its peak with this B velocity of 50 km/s means that we should be able detect
velocity mean that the gradient of the electric field has aH' at~13eV (i.e., only by HIA), HE ™ at~25eV (i.e., only
scale size of about 500km or less. If this propagationby HIA), He™ at ~50eV (i.e., by both HIA and CODIF),
speed is similar during the entire electric field structure dur-O*t* at~100eV (i.e., by both HIA and CODIF), and'Cat
ing 06:43-06:46 UT, the total electric potential drop in the ~200¢eV (i.e., by both HIA and CODIF) if they exists as the
X direction during the passage of this structure is aboutthermal plasma.
5~10kV (5~10km/sx200s=1006-2000 km with average Therefore, CIS must detect concentrated ion counts at
field of 5mV/m), positive front and negative back. these expected energy (2200 eV) and direction if the ther-

The irregular magnetic oscillation of about 0.01 Hz fre- mal plasma exists. Since the magnetic field points nearly
quency range is typical during substorms and is called Pizhorthward with electric field points nearly anti-sunward
pulsation (Olson, 1999). The observed Pi2-like pulsation is(Ey < 0) with some change ofy sign from+Y direction
detected mainly in total intensity (which points northward) in to —Y direction according to Fig. 5, the expected convection
a rarefied sense but not in the X- or Y-component. Thus thedirection is mainly duskward with some rotation from dusk-
entire geomagnetic field simply oscillates between outwardsun direction (06:43:3006:44:30 UT) to dusk-tail direction
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(06:45:00~06:46:00 UT). This is the expected direction of convection velocity. The expected shift of the relative di-
the flow. rection against the magnetic field in the spacecraft frame is
In Fig. 1b, enhanced ion counts in the tens eV range are&° (for 50 km/s convection or 10 mV/m electric field) to°15

observed in the perpendicular direction to the magnetic field(for 20 km/s convection or 4 mV/m electric field). This mi-
during 06:43:26-06:46:10 UT. Since the energy range and nor shift is actually recognized in the 4th row of Fig. 7 (peak
pitch angle agrees with the expectBdx B flow, this is the is seen at about 95~ 100° pitch angle instead of 9).

best candidate for the expected convection. To see the ob- Figure 7 also shows a slight time shift between SC-1 and
served azimuthal direction, the full-resolution ion data (not SC-3. At 06:43:19 UT, the ion flow appeared at SC-3. One
averaged over spin or sectors) is shown in Fig. 7 from SC-1second later (06:43.20 UT), the signal of the ion flow at SC-
(HIA data), SC-3 (HIA data), and SC-4 (CODIF data), forthe 1 was too weak to appear in the figure although the HIA
sectors that have substantial counts beyond the noise levehstrument was looking the right direction. The timing for
Measurement from each direction is performed every 12 s fothe weakening is also led by SC-3. The double peaks (H
HIA data and every 8 s for SC-4 CODIF data. counts in addition to He counts) are seen in SC-1 until

In Fig. 7, counts at low-energy(100 eV) range in the per-  06:44:20 UT, while they already disappeared one second be-
pendicular direction to the magnetic field (Fig. 1b) are reg-fore (06:44:19 UT) in SC-3, indicating about one cycle (12 s)
istered consistently from the same azimuthal direction (cor-difference.
responding to limited spin phase angle). Thus, the observa- We can also examine the timings for SC-4 although the in-
tion indicates a convection flow in the direction illustrated in strument is different: the expected flow is not detected until
Fig. 7 (below the 4th row). Furthermore, the observed count€6:43:31 UT partly due to lower sensitivity than HIA at SC-
are detected in very limited range in energy and direction in1 and SC-3, but double peak tHn addition to He") is de-
each 4-s observation, indicating that they are cold ions. tected until 06:44:27 UT. The highest counts are detected at

The observed flow direction shown in Fig. 7 gradually ro- 06:44:03 and 06:44:11 UT. This timings are close to the SC-
tates. Starting as a sun-duskward (15LT direction) flow at1 timing and delayed from SC-3 timing by about 10s. The
around 06:43:30 UT, it became duskward (rotate b$)48  timings of SC-3 (10s lead), SC-1 and SC-4 are consistent
around 06:44:30 UT, and tail-duskward (20 LT direction) at with those in the local peaks of the DC electric and magnetic
around 06:45:30 UT (not shown here). After this, the de-fields at around 06:44:10 UT in Fig. 6, confirming our timing
tected area in direction widened toward tailward direction, analyses in Sect. 3.2.
and finally all counts faded at around 06:46:10 UT. The his-
tory of the flow direction agrees with that of tHex B di- 3.4 lonospheric keV ions
rection.

During the short period of 06:43:406:44:20UT  If the auroral bulge in the conjugate ionosphere (Fig. 4) is
for SC-1, 06:43:4306:44:07UT for SC-3, and associated with the large change in the DC field (Figs. 5 and
06:43:47~06:44:27UT for SC-4, the energy of these 6), a field-aligned potential drop should exist between Clus-
convecting ions increased, and second ion counts appearddr and the ionosphere to accelerate auroral electron to the
at energy about one quarter of the energy of first countdonosphere to several keV. This field-aligned potential drop
(e.g., at 06:44:08 UT, peaks are at around 70 eV and 17 eV)simultaneously accelerates ionospheric ions upward to sev-
The timing corresponds to the largest enhancement of theral keV (about 1000 km/s for 5keVHand 250 km/s for
electric field (and hencg x B drift) at around 06:44:10 UT. 5keV O"). Since these ions travelsRf distance in about
The ratio of 4 means either ‘@He™ pair or He"/HT pair ~ 30s for H" and about 2 min for O, Cluster should detect
because theE x B cause the same velocity for all ion these ionospheric ions in the field-aligned direction close to
species. From the energy matching described before, thegbe event. Indeed Fig. 1c shows enhancement of nearly field-
ions must be He (higher energy, 06:43:2006:46:10UT)  aligned component at20 keV at around 06:44 UT.
and H" (lower energy, 06:43:4006:44:20 UT), giving us a We should note that an enhancement of the nearly field-
value of velocity about 57 km/s at 06:44:08 UT. The CODIF aligned component does not necessarily mean arrival of iono-
composition data in Fig. 7 (SC-4) confirms this composition. spheric ions because the depletion of the magnetic field also
Furthermore, CODIF detected only Heand H" but not  causes shift of ion’s pitch angle toward low pitch angle due
O™, O™t or He™™ for all SC-1, SC-3, and SC-4 (not shown to the conservation of the first adiabatic invariant (or the
here). Thus, the data shows abundance of plasmaspherinagnetic momenty = W, /B, whereW is the energy of
cold He™ inside the ring current region & > 4 R, while the charged particle and denotes the perpendicular com-
no cold O" was detected by the same instrument during thisponent to the magnetic field. Since the gyro period under
period. 160 nT magnetic field is about 0.4 s fortand 6s for T,

In the spacecraft frame, one should also include the satelthe change of the magnetic field (1 min) is small enough for
lite velocity when considering low-energy. During this pe- the magnetic moment to be conserved. On the other hand,
riod, Cluster moved northward (i.e., nearly the field-aligned the second invariant is not conserved for these ions because
direction) with 5km/s, which is very small compared to the bouncing period is in the order of minutes. In this case, the
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SC- 1 ( IA) Cluster/CISiondata , 2002-5-19 , 06:43~06:45 UT
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Fig. 7. Highest resolution plots of differential energy fluxes (keV‘&\srlstrfl keV—1) of low-energy ions observed by CIS during
06:32:18-06:44:59 UT (total 100s) on 19 May 2002 for SC-1 HIA data (upper 4 rows), SC-3 HIA data (middle 4 rows), and SC-4 CODIF
data (bottom 4 rows) corresponding to low-energy part of Fig. 1b. Data is not averaged over spin (4 s) or different sectors (polar angles).
During this period, HIA took data every third full-spin (taking data 4 s and idle 8s) for both SC-1 and SC-3, while CODIF took data less
frequently except for SC-4 which took data every other full-spin (taking data 4 s and idle 4 s). For each 4-s measurement, UT corresponds
to the spin phase angle (azimuthal angle, which is°18® between HIA and CODIF), and the starting UT of each 4-s measurement is
displayed at the top of panels for each SC. The top three rows are energy-time spectrografi30x¥ ions from SC-1 observed at sectors

with non-zero flux beyond the noise level (sectors 3, 4, and 5) among total 8 sectors. Sector 1 is looking at nearly north, i.e., detecting
ions traveling nearly along the geomagnetic field from north to south. Sectors 4 and 5 correspond to nearly perpendicular direction to the
geomagnetic field. The UT under the enhanced counts inside panels corresponds to the UT when these counts are actually detected (i
only 2~3 directions out of 16 azimuthal directions). The 4th row is energy-averaged/(1&V) pitch angle-time (azimuth) spectrogram,

where the blue thick lines denote the direction of boundaries between neighboring sectors (top and bottom sectors corresponds to sector:
1 and 8, respectively). The pitch angle of each sector slightly modulated because the spin axis is not xéuctiy 8 magnetic field

direction. The enhanced counts are registered in nearly the same azimuthal direction, and this flowing direction in the geophysical coordinate
is illustrated below the 4th row. The middle four rows are the same as the first four rows except they are from SC-3. The last four rows
(CODIF data from SC-4) are organized as energy-time spectrograms-a58&V HF and He"™ from sector 4 (the sector with most intense
counts), and energy-averaged {360 eV) pitch angle-time (azimuth) spectrograms fdr &hd He", respectively.
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parallel energyW, does not change by the magnetic field . CIS/CODIF (SC-4) Diff. Flux, 2002-5-19
variation. Under this condition, a 25% decrease in the mag—"I tkeVl s - : :

netic field means a 25% decreasé¥f (e.g., from 5keV to
4 keV) while keepingW;. The pitch angled) also changes
as 2x df x (tand + cota®) = (d B/B), or maximum about
7.

These changes are so small that we could not explain the
most of the sudden change of flux at around 06:44 UT ex-
cept the change of the pitch angle at-2D keV at around
06:44~06:45UT in Fig. 1c toward field-aligned direction.
For example, the sudden enhancement of low pitch an- :
gle 2~4keV ions at around 06:4406:45 UT cannot be ex- :
plained by this effect. Therefore, the increase in the low pitch 1
angle ions is due to a net arrival of ions. Similarly, sud- 0%"';-".' / - '.i
den drop of the ion flux at 2040 keV at around 06:44 UT 1] , i L ,
in Fig. 1c is also net change that cannot be explained by theo-[li(e(\)/&40 06:42  06:44 06146  06:48
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difficult to judge the cause of the enhancement of low pitch
angle 4-8 keV ions at around 06:4406:45 UT.

To examine the most parallel component (both parallel and
anti-parallel) to the magnetic field at this energy range more,
Fig. 8 shows differential fluxes of Hand O" from selected
sectors observed by CIS/CODIF from SC-4. Five directions
are shown: sector 1 (most anti-parallel direction to the mag-
netic field looking north), sector 2, sectors 4 and 5 (perpen-
dicular direction), sector 7, and sector 8 (most parallel di- -
rection to the magnetic field looking south). As is already — _ .
expected from Fig. 1c, the parallel flux and anti-parallel flux = 103 iy L || e o am
are very similar in Fig. 8. ; I A 1l

Before 06:43:40 UT, ions are trapped as seen in Fig. 1c al- 66':40 0643 0644 0646 0648
though the fluxes of the most parallel directions (directions 1
and 8) are higher than those of the other directions at around
10keV for both H and OF. They are ions bouncing between Fig. 8.  Energy-time spectrogram of differential particle flux
mirror points. At around 06:43:40 UT, the fluxes of most (cm 2s 1str1kev1) of 1~25keV H" (upper 5 panels) and
parallel components (both parallel and anti-parallel) started®” (lower 5 panels) observed by CIS/CODIF from SC-4 during
to be enhanced at a wide energy range for (2~15 keV) 0624:0V06249 UT on 19 May 200.2.. For t_)oth*Hand of, five di-
and at low-energy for © (2~8 keV) as indicated by arrows, rections are shown: nearly anti-field-aligned frpm north to south
whereas fluxes of the perpendicular component suddenly deSector 1), oblique (sector 2), nearly perpendicular to the mag-
creased. netic field (sectors 4 and 5), oblique (sector 7), and nearly field-

. . _aligned from south to north (sector 8), respectively. Th& O
The conservation of the magnetic moment moves the di,nt is not contamination from Hexcept 3keV peak at around

rection of intense flux from directions 2 to 1 and from direc- 06:44:10-06:44:40 UT at direction 2 (question mark) according to
tions 7 to 8 when the magnetic field decreased from 06:43 UTime-of-flight spectrum (not shown here). The sudden intensifica-
to 06:45UT, and vice versa when the magnetic field in-tions marked by arrows are real for botH tand OF.

creased after 06:45UT (see Fig. 6). We do not recognize

such effect for the sudden flux enhancements marked by ar-

rows at around 06:44 UT. Certainly, these enhancements arel., 1978; Inhester et al., 1981; Opgenooth et al., 1989; Fuijii
net increases of flux, indicating a new injection along theetal., 1994).

magpnetic field. The energy range is typical of auroral acceler- Since 5keV ions takes about 280s for H™ and about
ation potential. Together with composition (substantia)l)O 100s for O to travel from ionosphere to the Cluster loca-
and direction, the observed field-aligned ion burst at aroundion at L=4.4, we expect time delay betweer lnhance-
06:44 UT is most likely caused by the parallel potential abovement and @ enhancement if the spacecraft observed tempo-
the auroral bulge seen in the IMAGE/FUV data in Fig. 4. The ral change. However, the arrival time of the ionospheric ions
upward direction agrees with general particle signatures andre nearly simultaneous betweer @nd Ht, i.e., difference
field-aligned current direction at the front side of the west- is much less than the expected time-of-flight difference. The
ward traveling surges (Kamide and Rostoker, 1977; Meng etarrival time is even the same between parallel direction (from
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southern ionosphere) and anti-parallel direction (from north- The mass dependency of the sudden flux increase or de-
ern ionosphere) to the magnetic field. Simultaneous appealrease of the ring current ions (about 100 keV) has never
ance of 0 and H" means that spacecraft crossed a bound-been reported or expected because magnetic (gradient-B and
ary that is filled with field-aligned ions. However, construct- curvature) drift velocity is proportional to energy without
ing such configuration is not simple because this boundarymass dependency. To examine this, we show high-resolution
is propagating sunward (Sect. 3.2). In 100s, the boundanRAPID data in Figs. 9 and 10 (Hchannel in Fig. 9a, He
moves 508-1000 km sunward, which is larger than the gy- channel in Fig. 9b, CNO channel in Fig. 9¢, and electron
roradius of the 5keV O (about 250 km). channel in Fig. 10a) from all relevant energy channels dur-
Therefore, we have to consider the convection and backing 06:41:06-06:49:00 UT. According to Fig. 9, the thresh-
trace the field-aligned H and O that simultaneously ar- old energy between the flux increase and decrease is about
rived the Cluster. Here one may not ignore the effect of 100 keV for H, about 400 keV for He, and probably about
strongE x B: the 3~8keV ions in Fig. 8 came from lower 1.5MeV for O; i.e., itis nearly proportional to the mass (pro-
L than Cluster by about 0?3-0.5 in latitude if we consider ~ portional toM%7~1). The same mass dependency (or mass
E x B drift during the travel of ions. Since the convection proportionality) is seen in the energy of the largest increase,
direction is nearly perpendicular to the propagation directioni.e., the characteristic energy. It is about&D keV for H',
(Sect. 3.3), just a small folding of the boundary can give theabout 156-200keV for He", and about 506800 keV for
nearly simultaneous arrival time betweeri ind O". Fold-  O*.
ing of aurora is quite common and in fact the front of the The mass proportionality means that the increase/decrease
auroral bulge in Fig. 4 is not straight but round. Further- difference is determined by the speed of ions, but not the
more, the exact arrival time is slightly different (be~120s)  energy (or drift velocity) of the ion. The threshold speed
between field-aligned #H and field-aligned ©. This sup- is about 4500km/s, and the characteristic speed is about
ports the above scenario. At around 06:45:30 UT, the paralleBO0O0 km/s. For electrons, fluxes of all energy channel of
H* disappeared without trailing low energy'HThat again  RAPID decreased, as shown in Fig. 10a. This is reasonable if
means the boundary crossing, i.e., exit from the downstreanthe same mass dependency is applicable to the threshold en-
of field lines with the parallel potential in this case. ergy of electron, which falls to about 0.04 keV characteristic
At around 06:46 UT, one can also recognize another sudenergy for the increasing flux.
den increase inc5keV Ht fluxes. The increase is seen at  On the other hand, the energy-dependent flux change of
all (both parallel and perpendicular) directions. This timing the ring current population during storm-time substorms has
corresponds to the boundary crossing at around 06:45:55 Ubeen known for three decades (Lyons and Williams, 1976;
that is indicated by the sharp changes in the DC electric fieldLyons, 1977). Such dual behavior has been explained by the
wave, and density as are seen in Figs. 5 and 6 (Sect. 3.2). Theonservation of first and second adiabatic invariants during
flux increase in the perpendicular component is recognizedhe magnetic variation (Ebihara et al., 2008). As described
over broad energies up to 40 keV (upper limit of detection),in Sect. 3.4, the conservation of the magnetic moment (first
whereas the flux increase in the parallel component is limitecdiabatic invariant) causes increaseWf when the mag-
to <10 keV. Parallel component of Oflux increased slightly ~ netic field is compressed. This conversion means that the

(10~20 s) after this dispersionlessHlux increase. distribution function f{¥ ) shift toward lowerW than the
original position. Thus, decrease Bfmeans an increase or
3.5 Mass-dependent change in Ring Current flux a decrease of W) at the fixed energy whedf/dW, >0

ordf/dW, <0, respectively. For the ring current particles
The sudden change at around 06:43 UT is also recognized iwhich are trapped (it is so for the present case), we can use
the fluxes of energetic particles as shown in Fig. 1la. Startingf (W) instead off (W) to examinalf/dW .
at around 06:43 UT, the flux of medium energy ions"(kt Since ions with 3000 km/s velocity bounce within the ge-
75~92 keV, He™ at 170~240keV, and O at 640~950keV)  omagnetic bottle in about 215s in one hemisphere, it is
observed by RAPID increased, while the flux of high-energy possible that second adiabatic invariant is also conserved. In
ions (H" > 160 keV and H& > 350 keV) and energetic elec- this case, magnetic field variation changes parallel engigy
trons &40keV) observed by RAPID decreased. Flux of through the change of mirror altitude: a lift of mirror altitude
low energy ring current ions (240 keV) also decreased as causes shortening of the mirror bouncing distance, and hence
shown in Fig. 1c (the decrease is mainly iff @ccordingto  increase of parallel momentum through the Fermi process
the CODIF data). These observations immediately show thaAlfv én and Rlthammar, 1963). Since the lift of the mirror
(1) the fluxes changed rapidly within a few minutes; (2) the altitude is caused by compression of the magnetic field, the
change direction (decrease or increase) of the flux dependsbserved decrease of the magnetic field meansdidth< 0
on energy; and that (3) the threshold energy between increasindd W) < 0. Therefore, the consideration of the second adi-
ing flux and decreasing flux (or characteristic energy of fluxabatic invariant does not change the present examination on
increase) is mass dependent, with higher threshold energy fof (W).
higher mass.
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(a)m Cluster RAPID (H*), 2002-5-19, 06:41~06:49 UT (b%700 Cluster RAPID (He), 2002-5-19, 06:41~06:49 UT (c) 540Cluster RAPID (CNO), 2002-5-19, 06:41~06:49 UT
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Fig. 9. Overplots of 4-averaged differential ion fluxes observed by RAPID from four spacecraft during 8-min period
(06:41:00~06:49:00 UT). Only the relevant energies are listed. The data (black lines for SC-1, red lines for SC-2, green lines for SC-3,
and blue lines for SC-4) are adjusted using scaling factors given in the right side of each panel. These factors are determined from the date
before 06:43 UT when all SC are assumed to detect the same flux value. The factors are not unity although we used the calibrated data. Thq
CNO channel covers mass range of C, N, O, but we can generally ignore contributions from C and N in the magnetosphere.

Let us examine this scenario. Figure 11 shows the distribu-one gyration is less than 1%, too small to accelerate ions.
tion function observed by RAPID during 06:4R6:43UT,  Therefore, the observed flux increase of 3000 km/s ions
i.e., just before the event started. We also showed flux beduring 06:43-06:45 UT is most likely due to a new injection
cause distribution function has a larger error bar than fluxfrom outside.
due to wide range of energy for each energy channel (dis- We also observed energy-time dispersion in the ini-
tribution function is obtained by dividing flux by energy). In tial flux increase from high energy to low energy. The
Fig. 11, almost all energy at all species (exceptf880keV  28~64 keV (10~20 km/s drift speed) H flux started to in-
electrons and 92160 keV protons) havédf/dW < 0, with crease at around 06:43:30 UT,~¥82 keV H" (20~30 km/s
possibledf/dW > 0 within error bar for 248-350keV  drift speed) at around 06:43:20UT, 9260keV H"

He. This predicts decrease of flux during magnetic deple{30~50km/s drift speed) at around 06:43:10 UT, and even
tion except for>330keV electrons and 92160keV pro-  the 160-370keV HF (50~100km/s drift speed) flux
tons. Therefore, the flux increase of 3000 km/s ions duringshows very minor increase at around 06:43:00 UT. Sim-
06:43:00~06:45:00 UT cannot be explained by the conserva-ilar dispersion can be recognized in He flux sharp in-
tion of the magnetic moment. The inconsistent flux changecrease between 14A70keV (around 06:43:40UT) and
with the magnetic moment conservation is also seen in thet70~240keV (around 06:43:30 UT), but this relation does
1~2 min modulation as will be shown in Sect. 3.6.. not hold for 246-350 keV He flux.

The finite gyroradius effect of 3000km/s ions The observed energy-time dispersion of the initial flux
(200~250km for protons and 900km for Fi¢ breaks increase is not due to time-of-flight but by the finite gy-
down the conservation of magnetic moment but this effectroradius. The time-of-flight distance from the drift veloc-
does not explain the flux increase. Furthermore, the wavaty is less than 1000 km for the Henergy-time dispersion.
activity (Fig. 5) is too small to explain the flux increase This distance corresponds to only a few minutes propagation
by local acceleration, e.g., there is no wave at cyclotronfor the structure, and neither the particle nor the field data
frequency (about 2.5Hz for Hand 0.15Hz for & under  showed any signature of local acceleration within 1000 km
160 nT magnetic field). Temporal change of DC field during distance from the epoch of flux increase. Furthermore, this
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Fig. 10. (a)The same as Fig. 9 but for electron datia) Linearly separated profiles of the observed electron flux from the variation that is

proportional to the magnetic field variation assuming flufg=+ f1 x (d B/ Bg), whered B = B — Bg, and Bp=190 nT is the magnetic field
at the start of the event (06:42:50 UT).

distance is comparable to the gyroradius of these ions (Tamatch between the plasma pressure increase of relevant ions
ble 2) and to the scale size of the gradient of DC field andand the magnetic pressure decrease.

flux (~500km). Therefore, the time-of-flight effect is not

the explanation. Instead, we consider the finite gyroradius3 g Synchronized modulation of flux by magnetic field

effect which also makes this type of dispersion: high-energy

ions reach farther than low energy ions. In the present case, panels in Fig. 10a show a modulation of the electron

every 70V.8 Okm decrea_tse of proton gyroradius gaused 10 Sluxes with about 2-2 min period (about 10? Hz) beyond
delay, which agrees with the propagation velocity of aboutthe noise level instead of monotonic decrease. This mod-
5~10km/s. The large delay between Hand He" in this '

; . ulation is very similar to the Pi2-like magnetic field vari-

case should be attributed to different reasons. ation in Fig. 6. Each dip of electron flux (06:43:50 UT,

It is worth estimating the increase of the plasma pres-06:44:55UT, 06:45:55UT, 06:46:40 UT) took place at the
sure due to the increased flux and to compare it with thesame time (within the 4-s spin resolution) as the correspond-
decrease in the magnetic pressure during first two minute§d dip of total magnetic field strength (which is pointing
(06:43:00~06:45:00 UT) until the magnetic minimum. The nearly northward in GSE). Thus, the observed electron flux
H* flux increased by (24)x10%cm2s lstrlkev-! at modulation is well synchronized with the magnetic field vari-
30~90 keV range during first minute of the event. This corre- ation. The good match is seen only with the magnetic field
sponds to increase of partial pressure of about by2/&Pa.  but not with electric field in Fig. 5.
The O flux increased by 50150 cnt?s 1strlkev! at The variation of the electron flux synchronized with Pi2-
400~900 keV range during the same period (correspondindike magnetic field variation is more prominent at higher en-
to about 0.02nPa). The total magnetic field changed fromergy than lower energy. To make this clear, we separate the
about 180 nT before the event to about 155nT at the firsfflux variation into two components, one that is locked with
dip and about 140 nT at the second and the largest dip. Théhe magnetic field variation and the other that gives general
change in the magnetic pressure is abeBt5 nPa until the  change independent of the magnetic field variation. Since the
first dip and about-5 nPa until the second dip. Considering variation of the magnetic field is only 25% from the start of
the large uncertainty of the instrumental sensitivity on solid-the event (06:42:50 UT) to its minimum (06:44:50 UT), we
state detector (SSD), difference in factor two is a quite goodhere assumed linear combination: flu¥s+ f1 x (d B/ Bo).
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Cluster RAPID energy spectrum
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Fig. 11. Normalized distribution function fofa) electron,(b) proton,(c) helium, and(d) oxygen during 06:42:1806:42:52 UT (averaged

over 9 spins) just before the 06:43 UT event. Here we simply divided the differential flux by energy, which is proportional to the distribution
function by a factor of M2, whereM is the mass of the ion. Since error bar is large in the energy direction, which is the denominator
from count to differential flux and from differential flux to distribution function, we also show less erroneous differential flux. Even with
such large error bar, the data show good match into a smooth curve and good agreement between different spacecraft, giving some reliability
in the plot. For example, the positive slope of the electron distribution function at the highest energy is real beyond the possible error bar.

We cannot obtain non-linear term due to the limited quality The same energy dependency of the synchronization with
of the data. the magnetic field variation is found in the proton flux
Figure 10b show the result of the decoupling. By using variation at high energy part (9260keV, 166-370keV,

optimum values for the constany(in the figure), all panels and 370-960keV) in Fig. 9a. The synchronization is,
in Fig. 10b show smooth trends that are independent of thd1owever, time-delayed: about 20s delay at-9B0 keV
Pi2-like magnetic field variation (Figs. 5 and 6). Thus, the (5000km/s) channel and about 10s delay at~48DO0 keV
decoupling is successful as the first approximation. (7000 km/s) channel compared to electrond.Q 000 km/s)
The degree of synchronization to the magnetic field varia-°" 3707960 keV H" (10 O.OO km/s). The “’T‘e delay again
tion is roughly represented by the ratio 4f/ o in Fig. 10b contradicts the conservation of the magnetic moment. In the
Itis large for high energyf1/fo > 0.6 at 240~400 keV) and '°V.V energy proton chgnnel (.e'g"qu keV),_ thg flux mpdy—
small for low energy f1/fo < 0.4 at 40~130keV), i.e., the lation is not synchronized with the magnetic field variation at
synchronized modulation is most obvious at the highest en-a"_' _Varlatlotn of 75&%%?;3%%{?” f_Ituthhca:lszolnlydpne mglgrc
ergy range. This energy dependency is opposite from th%nmlmum ataroun T » W -« eading an )

expectation from the conservation of magnetic moment be- pghind by more than 10s, Wh”? magnetic variation near its
cause thef (W) profile in Fig. 11 predicts more obvious in- minimum ataround 06:44:55 UT is led by SC-3 and followed

phase behavior between flux and magnetic field for low en-by SC-2in Fig. 6. We could not detect such synchronization

Fagpeie ) .
ergy than for high energy. Therefore, the conservation of thefor He™ (Fig. 9b) or O" (Fig. 9c), although the velocity of

L
magnetic moment is not the primary cause of the variation 01‘1 MeV He" is the same as that of 250 keV'H

the electron flux synchronized with Pi2-like magnetic field The decoupled plots in Fig. 10b show large-scale trends.
variation. The most visible trend is quick decrease of electron fluxes at
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Table 2. Gyroradius of major ring current ions under 160 nT magnetic field.

energy gyroragius
speed H Het ot Ht Het ot

2000km/s  21keV 84keV  330keV  130km 530 km 2100km
3000km/s  47keV  190keV  750keV  200km 800km 3200 km
4000km/s  84keV  330kevV 1.3MeV 270km  1100km  4300km
5000km/s 130keV 520keV 2.1MeV 330km 1300km  5300km

all energy ranges and of 16@70keV proton flux starting tions, and dual change of energetic ion fluxes without out-
at around 06:42:55 UT (same timing as the start of magnetistanding wave activities. These changes are nearly simul-
deviation). The decoupled flux 6f240 keV electrons shows taneous between spacecraft (within 10 s difference between
its minimum (about 20% decrease) at around 06:44 UT, i.e.all spacecraft), but did not start until 06:42:50 UT, i.e., they
when the electric field is strongest (Figs. 5 and 6), and itsare not parts of global signature of substorm onset, but are
recovery at around 06:46 UT, i.e., when the electric field signatures of arrival of the auroral bulge.
changed in both strength and direction. These profiles show Due to strongE x B drift velocity of up to>50 km/s, cold
good correspondence with electric field. He™ and cold H" are detected above 5 eV, while no signature

The recovery of the electron flux is faster at high energyfor O™ or He™* is detected, indicating that the plasmasphere
than low energy. Increase of flux at around 06:46 UT is alsoexpanded to 4.&f at this time and location. The electric
seen in<64 keV proton and 040.6 MeV oxygen in Fig. 9a  and magnetic field structure was moving sunward, i.e., in the
and c. This increase has an upper energy limit in the similarelectric field direction with about-510 km/s velocity. The
way as the 06:4306:46 UT event. The flux of 76160keV  total potential drop across the moving structure observed at
proton decreased and flux of 8:6.9 MeV oxygen stayed the 06:43~06:46 UT is about 510 kV, with the front (sunward)
same value after 06:46 UT. The similar energy dependencgide higher potential than the back (tailward) side.
can be recognized for helium. The degree of flux decrease The changes of energetic ion/electron fluxes are mass-
of 140~170keV helium during 06:4606:48 UT is not as  dependent: fluxes of ions with characteristic speed of about
quick as those for 240350 keV helium. Thus, the energetic 3000 km/s (with upper threshold of about 4500 km/s) in-
ions show another energy dependent flux change with massreased for all Fi, Het, and O"; and fluxes of ions with
dependent threshold energy at around 06:46 UT in additiorenergy (speed) above or below this energy (speed) decreased.
to at around 06:43 UT. The threshold energy (and hence veThe flux increase is not due to the conservation of the mag-
locity) is different between these two events. In both eventsnetic moment and hence due to net injection. The resul-
the changes of the fluxes coincide with Hlux increase at  tant increase of plasma pressure is comparable to the lo-
1~10keV observed by CIS (Fig. 8), electric field change ob- cal decrease of the magnetic pressure at 0606346 UT.
served by EFW (Fig. 5) and related thermal plasma convecThe electron flux of observable energy ranged4(QkeV)
tion observed by CIS (Fig. 7). decreased during 06:4®6:46 UT even after removing the

In Fig. 9a, one can recognize another type of inter-synchronizing modulation with the Pi2-like magnetic field
spacecraft difference of the flux change at-#8 keV pro-  variation.
ton: SC-3 flux stayed the same whereas SC-2 flux showed From these observations, we can illustrated the entire pic-
more than 30% increase (and next energy98keV shows ture as Fig. 12. Magnetic drift velocity of 3000 km/s"H
opposite trend). Since the gyroradius of these energetic ionis about 16-15 km/s (or about 50 km/s for 3000 km/s He
is larger than the inter-spacecraft distance, this differencesunward at this location in the dipole geomagnetic field,
suggests either non-gyrotropic behavior or instrumental dif-and is faster than the propagation velocity of the structure.
ference. Solving this question requires solid examination andrhe different velocities between the propagation, the drift of
is beyond the scope of this paper in which we examine large3000 km/s H, and the drift of other ions with 3000 km/s

scale changes. speed indicates that the propagation is not due to a simple
drift motion of high flux region that is used in the past mod-
3.7 Summary of observations els (e.g., Vasyliunas, 1970; Wolf, 1970; Wolf and Spiro,

1985; Ebihara, 2009). The energy-time dispersion of H
At about 06:43-06:46 UT on 19 May 2002, all Cluster fluxincrease is better explained by finite gyroradius effect of
spacecraft observed large DC electric field (up to 10 mV/m),dispersion-free increase rather than the time-of-flight effect
Pi2-like rarefaction of dipole-like magnetic field (decrease up of energy-dependent drift.
to 25%), convection of Herich cold ions (up ta>50 km/s), The sudden and nearly simultaneous appearance of the
sudden arrival of ionospheric ions in the field-aligned direc-field-aligned H and O- of about 2-8keV at around
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E)ropa ation At the conjugate ionosphere, the westward moving au-
5~10 km/s) roral bulge is nearly stagnate after 06:42 UT~dl° lon-
magnetic drift mp magnetic drift gitude/min, which corresponds to a sunward motion of
(10~15 km/s (10~15 km/s) <10km/s at the Cluster location. The geomagnetic field at
the MCQ station (nearest conjugate) show a sharp change
between 06:42 UT and 06:43 UT. Thus, the auroral bulge and
. SC-3 the equatorial structure during 06:486:46 UT observed by

equatorial plane sc-2 Cluster agree to each other in location, velocity, and the sense
Y \\\ <5|:' ,' SCS-»%-,'I/ + of potential drop (upward from ionosphere).

flux@50 keV H+

i / 4 Discussion
4
/ 4.1 Energy modulation by electric field

! The observed large gradient of DC electric field might di-
I+ rectly modulate the ion flux when the gyroradius is large

i H enough to get ions accelerated or decelerated significantly
," ; during the gyromotion. This percentage is proportional
b to (mass/energ$P, and hence to velocityt. Therefore,
o4 this finite gyroradius effect causes velocity-dependent flux
i i changes. However, this effect is too small to explain the
j_I_ observed change in Fig. 9. The 10mV/m electric field
/$ and 160 nT magnetic field condition at around 06:44:00 UT

means that a 100 keV10and a 6 keV H are accelerated or
decelerated by about 10% over the gyroradius distance. A
10% change is large enough to affect CIS observation which
has about 25% energy stepping, but not for RAPID energy.

. 4.2 Primary propagation direction

In Fig. 8, the field-aligned ions of ionospheric origin are

auroraX mp _ observed nearly simultaneously from both summer (north-
(pf?f}ﬁ%'on ern) ionosphere and from winter (southern) ionosphere. Ac-

cording to Fig. 5, Alfien velocity during 06:4306:44 UT is

about 200 km/s (slow velocity is mainly due to high density

Fig. 12. Schematic illustration of the amplitude of the structure of 300 cnT3), and transit time between both hemispheres is
(flux of 3000 km/s ions, strength of electric field, and depletion of much more than 1 min, far too long to explain the simultane-
the magnetic field) at the top, expected charges (+-apdlong  ous change. Although the bouncing signal most likely over-
the geomagnetic field (dashed line) and resultant expected electrigyps with the sunward propagating general structure, such

field (empty arrows) in the middle, and the expected auroral po-pqyncing structure cannot be the cause of the entire struc-
sition (cross) at the bottom. The observed propagation velocities(

ure as described in Sect. 3.2. Particularly, this bouncin

(thick dashed arrows) matches between the structure in the magne- . . L y 9
; : . Scenario cannot explain the selective injection of 3000 km/s

tosphere and the aurora in the ionosphere. The magnetic (summa- Theref h . ion di . fthe ob
tion of gradient-B and curvature) drift of the 3000 km/s protons is ions. Theretore, t e primary propagation direction of the ob-
shown by thick arrows. Thé& x B drift (30~50 km/s duskward in ~ S€rved structure is sunward. In other words, we should con-
the magnetosphere) is not illustrated. sider the sunward propagation as of the entire structure that

covers both the magnetosphere and the both ionospheres.

4.3 Diamagnetic current
06:43:40 UT indicates that Cluster crossed a boundary which

is filled with ionospheric ions. These ions are accelerated byDepletion of the magnetic field means diamagnetic current
the field-aligned potential drop which simultaneously accel-in the perpendicular direction to the magnetic field. The sun-
erates electron downward to cause the auroral bulge. Thevard propagation of the structure including the front side at
direction of the potential drop agrees with the direction of around 06:43 UT (start of the sharp decrease of the magnetic
the field-aligned current at the front side of general westwardfield at around 06:43:00 UT is led by SC-3 as described in
traveling surge. Sect. 3.2) means a dawnward diamagnetic current at the front
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side of the propagation. Then question is the current caring auroral bulge (e.g., Sato, 1978; Kan and Sun, 1985).
rier because the depletion of magnetic pressure is balanceldowever, such pulsation cannot be the cause of the entire
with the local increase of plasma pressure by the injectionstructure as mentioned in Sect. 4.2. Rather, the Pi2 like vari-
of 3000km/s ions (particularly 74160 keV protons). In ation is most likely excited by the passage of the sunward
such a case of pressure balance, ions that are contributingropagating structure. This suggests that we need a new
to the pressure increase are normally the carrier @ifand  model for the generation of the Pi2 pulsation.
Falthammar, 1963). One such example is the solar wind at
the magnetopause. 4.4 Electric polarization
Let us examine the current direction from the gradient of
the ion flux. The way of causing the dawnward current is The alignment between the electric field direction and the
in principle the same as in the magnetopause. Since the gyeropagation direction means an longitudinal electric polar-
ration velocity of ions with net flux increase (3000 km/s) is ization by the charge separation. Difference between the ion
much faster than the propagation velocity<(® km/s), itis  gyroradius and electron gyroradius is often considered as the
easier to take a rest frame moving with the propagation. Incause of charge separation when they experience the change
this case, gyromotion of additional ions (of 3000 km/s ve- in the magnetic field. In the inner magnetosphere, this ef-
locity) is confined to one side. Since extra ions in one sidefect causes the charge separation known as theeAlfayer
have finite gyroradii of about 200 km for*H the center of  (Alfvén and Rlthammar, 1963) although the expected polar-
the gyromotion of these Hmust be more than 200 km away ization direction is dawn-dusk direction at 19 MLT.
from the boundary (propagation front), so that no effect leaks In the present case, the polarization electric field quickly
outside this boundary (no signature outside the boundary byncreased from 06:43:25 UT to 06:44:05 UT and quickly de-
definition of the present rest frame). In other words, exttaH creased from 06:44:10 UT to 06:46:45UT in Fig. 6. Con-
at the first 200 km from the edge of the boundary must be asidering the propagation velocity of8.0 km/s, the width of
the gyration phase pointing one direction (e.g., dawnward forthe gradient is about 260400 km for both positive gradi-
the present case with northward magnetic field and extra iongnt and negative gradient. This matches with gyroradius of
in the tail side). Such a “surface” flow (200 km wide) of ion 3000 km/s protons, which is about 200km. Therefore, the
points dawnward as long as the flux increase toward the tailfinite gyroradius effect of 3000 km/sHis a good candidate
For decreasing flux toward the tail, this surface effect cause$or the electric field.
a duskward flow. The opposite scenario (electric field maintained by the
The same logic works for electrons although the gyro-cold ions/electrons caused the change in the energetic par-
radius is small. The additional electrons mean duskwardicles) is unlikely because the electric potential of 10kV is
surface flow and hence the dawnward diamagnetic currentoo small to affect the flux of energetic particles. Further-
in the present case. Thus both ions and electrons has th@ore, the magnetic field and the electron flux started about
same surface effect in the direction of the diamagnetic cur20s before the change in the electric field or the detection
rent. In other words, the observed magnetic depletion (dawnef cold ion convection. Therefore, the electric field is most
ward diamagnetic current) is caused by species that show néikely the result of charge separation of the 3000 km/s ions
flux increase. Such a flux increase is seen in only mediunminside the magnetic depletion.
energy ions with 3000 km/s speed. The other energies can- The present type of the propagating charge separation has
not explain the required direction of the diamagnetic currentnever been predicted or observed in the evening inner mag-
of the propagation. Combined with the gquantitative pres-netosphere. Propagation of longitudinal polarization is pre-
sure balance, we can safely conclude that the net increasgicted associated with the substorm expansion as a propa-
of 3000 km/s ion caused the depletion of the magnetic fieldgation front of magnetosonic compression (Yamauchi et al.,
except the Pi2-like modulation. 1993; Yamauchi, 1994). However, the present mode keeps
This surface effect has finite width due to the finite gy- pressure balance, which is not satisfied in the magnetosonic
roradius (200 km for H). Due to slow propagation speed compression model.
(5~10km/s), it takes 2840 s until the entire gyration phases
of the additional H appear at the same location. This ex- 4.5 Solitary structure maintained by 3000 km/s ions
plains slower increase of heavy ions than light ions in Fig. 9
(<1 min for HF, 1~2 min for He", and>2 min for OF). The magnetic drift of 3000km/s ions at this location
Unlike the magnetic depletion mentioned above, the Pi2-(10~15 km/s for H" and 50 km/s for H& in the dipole field
like magnetic variation is observed simultaneously at allmodel) is faster than the propagation velocity of the structure
spacecraft. The variation probably represents a wave modés~10km/s). Therefore, these ions overtake the propagat-
which involves the entire field lines through Aéfm wave or  ing structure as illustrated in Fig. 12. Yet the enhancement
field-line oscillation. For example, bouncing Affia wave  of the 3000 km/s ion flux can be maintained as long as the
between the ionosphere and the magnetosphere has been pomitflow from this structure does not exceed the inflow to this
posed as the cause of the Pi2 pulsation in the westward surgstructure from the tail. This semi-trapped view agrees with
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the energy-time dispersion of flux increase in Fig. 9, whichward) E x B drift during 06:43:30-06:44:30 UT is about
agrees with finite gyroradius effect of dispersionless increas@€500~3000 km (or 0.4-0.5R) for all ions species and en-
of flux. Propagation of finite amplitude DC electric and mag- ergies. This is equivalent to about 1.Bquatorward shift
netic fields that is maintained by the semi-trapped plasmaat the ionosphere. From the observational viewpoint, the
passing through the structure means that this is a kind of solispacecraft substantially crossed the ring current region about
tary structure. If the influx is larger than outflux, more car- 0.5Rg inward during this one minute (nearly 10 times faster
riers of diamagnetic current appear inside the structure, enthan the spacecraft velocity). However, the observed flux
hancing the magnetic depletion. Such influx-outflux unbal-change is not monotonic during 06:486:46 UT, indicating
ance may happen under a new injection, a change of gradienthat temporal variation is prevailing over the spatial change.
of magnetic field, or an enhancement of duskward electricTherefore, this does not alter our discussion above. On the
field. other hand, the 1%5equatorward shift in one minute is im-
The magnetic drift theory gives the same drift velocity for portant in considering the conjugacy with the ionosphere.
different masses for a given energy, and Fhe B drift is too
small to explain the 3000 km/s velocity. Therefore, the se-4.7 Relation to the auroral bulge

lection of 3000 km/s speed instead of energy has never beenh i ] ] |
predicted inside the magnetosphere. The observed solitary € solitary §tructure at 06:426:46 UT obser.ved by ,C us-
er agrees with the auroral bulge at 19 MLT in location and

structure is a new finding. We are not able to answer the

original cause of selection of 3000 km/s velocity. Inversely, yelocity, as illustrated in Fig. 12. The direction of the p_oten-
tial drop (upward) observed by Cluster also agrees with au-

this feature can be one of the key feature in modeling this Ll | on d 4. Theref H |
new type of solitary structure. roral electron acceleration downward. Therefore, the aurora
The relation between the minor substorm at 06:25 UT analeIge IS mqst '.'"?'y cauged by th? magnetospherlc ;ohtary

the westward moving auroral bulge is not clear. Geosyn—StrUCtur.e V\.”th finite ampl'|tude deviation of DC e!ectnc and
magnetic fields. The motion of the auroral bulge is the result

chronous LANL-1991 satellite at the same local time as . . .
Cluster (about 1., tailward and 1.% duskward from of the westward propagation of the solitary structure. This
possibility has never discussed in the past.

Cluster in GSE) observed flux increase of@D0 keV HF
and flux decrease of 0~110 keV H" at around 06:37 UT, i.e.,
6 min earlier than Cluster. Furthermore, LANL-1994 at ear-
lier local time (about 16 LT) observed less intense flux in- |y Fig. 7 we observed cold Hewithout OF or H*+: i.e.,
crease of 56500 keV H" at around 06:40 UT with energy- \ve observed the plasmaspheric ions inside the ring current
time dispersion. If these flux increases have the same sourGggion during a minor storm time. ‘Oions are typically not
as the flux increase observed by Cluster, the source of thesgyserved as part of the cold plasmaspheric population, at the
ions with flux increase is not local and is spreading at widecjyster altitudes (Dandouras et al., 2005). The overlap of
drift shell. Unfortunately we have no evidence that connectine plasmasphere with the ring current in the evening sector
or disconnect observations of LANL and Cluster which are quring a magnetic storm is consistent with the stagnation of
separated about®g in the radial direction. eastward drift of the plasmasphere by the storm-time elec-
The propagating magnetospheric solitary structure is notric field (Chappel, 1972 and references therein) or detached

limited to the equatorial plane as illustrated in Fig. 12 be- plasmasphere by complicated substorm electric field (Chap-
cause the carrier of the field change is most likely thepe| 1974).

3000 km/s particles which can bounce inside the magnetic

bottle within tens seconds (a 3000 km/$ kavels 4R dis- 4.9 06:46 UT activity

tance in 9s). Furthermore, a trapped particle spends most of

the time near the mirror point rather than the equatorial re-The strong electric field and the related convection sud-
gion (Alfvén and Blthammar, 1963). Therefore, we expect a denly diminished at around 06:45:55UT and changed its
larger potential drop across the solitary structure at low alti-direction by more than 90 From field data (Figs. 5 and
tude than at the equatorial region. This creates large potentid}) and auroral ion data (Fig. 8), we concluded that it is a

4.8 Plasmaspheric H&

drop between the ionosphere and the mirror altitude. boundary crossing which moved outward. Starting this time,
Cluster observed increase in flux for both ions and elec-
4.6 Effect of E x B drift trons. The energy range of the flux increase is different from

that for the 06:43:00UT event. During 06:466:48 UT,
The duskwardE x B drift speed (up ta>50km/s) is larger  fluxes increased for-240keV electron, 490keV proton,
than the sunward propagation speed of the solitary struc240~350keV helium, and possibly 0:®.9 MeV oxygen
ture (5~10km/s) or the magnetic drift speed of injected although the last can be a prolongation of the 06:43UT
ions (30km/s for 100keV ions at=4.4). One-minute event. The flux increase of His simultaneous for all en-
travel distance of the entire drifting shell of the ring cur- ergies (90 keV) without pitch angle-time or energy-time
rent ions (which is east-west aligned) by the duskward (out-dispersion. The flux increase is predominantly seen in the

www.ann-geophys.net/27/2947/2009/ Ann. Geophys., 27, Z263-2009



2966 M. Yamauchi et al.: Auroral bulge caused by equatorial solitary structure

perpendicular component to the magnetic field according taier of the propagating diamagnetic current that caused the
the CIS data. magnetic depletion propagating sunward. (4) The polariza-
The manner of the flux increase is similar to that dur- tion is maintained by different behaviors between energetic
ing 06:43-06:45UT, i.e., the characteristic energy of the ions and electrons, and particularly the~a060 keV protons
increasing flux is mass dependent and is related to thend>240keV electrons are good candidates for the major
sudden change in the DC electric field. The ldhange charge carriers. (5) The potential drop in the propagation
took place when the magnetic field is near constant dur-direction (about 510KV tailward at equator) is the ultimate
ing 06:45:50-06:64:20 UT. Unlike the 06:43 UT event, how- cause of the field-aligned potential drop (several kV upward).
ever, the energy range of the flux increase is very wide, with(6) The sunward propagation of this solitary structure caused
its low-energy limit for H" to extend<1 keV. Even electrons the sunward propagation of field-aligned potential drop and
flux increased. hence of the auroral bulge. (7) The passage of this solitary
It is quite possible that Cluster observed a stagnant austructure most likely excited the Pi2 like magnetic variation.
roral bulge. In this case, the phenomena can be localized The observations also provided new pictures on cold and
to the Cluster location. In fact, LANL-1991 at the same energetic ions: (8) Plasmasphere expands to the inner mag-
local time did not observe the corresponding second peaketosphere where ring current ions are present. We do not
when it observed enhancement of~8D0 keV H"™ during know the route of this expansion, though. (9) Pressure-
06:37~06:38 UT. contributing ring current ion flux can be enhanced at certain
velocity (3000 km/s in the present case) rather than the same
_ energy for all ion species.
5 Conclusions The observation raises a new paradigm on the relation be-
) . . . tween the ring current and the auroral bulge after substorm: a
We have studied a sudden change in both field and particlee,, tyne of solitary structure maintained by ring current ions
starting simultaneously at 06:42:50 UT on 19 May 2002 a_tat 3000 km/s speed can be the cause of the westward moving
all Cluster spacecraft that are located close to the equatorial ;.54 bulge. We certainly need both theoretical and obser-

plane during the event. The event involves both northern andqiona) effort to understand the solitary structure, its rela-
southern ionosphere including auroral bulge, and the entirgi,, 1 gpstorms, its relation to pulsation, and selection of

structure that covers both the magnetosphere and the bortlp1e 3000 km/s speed instead of a specific energy.
ionospheres is moving westward. At equatorial inner magne-

tosphere, this motion is seen asa1® km/s sunward prop-
agation of the following signatures: (a) sudden rarefaction

of equatori.al geomagnetic fielq by 25.% together With Ioc&_ll are provided by WDC-C2 for geomagnetism, Kyoto University. Ge-
dlamagneuc current, (b) electric field in the propagatlon di- omagnetic field data is provided by Geoscience Australia [CSY,
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aligned potential which can also accelerate auroral electron.S SupPorted by NASA. LANL satellite project is managed by Los-
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3 'lb‘” (tjhesebchf?:%ce)s arg _S|multaneous at_ all SC|: V\_”th SfC ESA. Swedish part of the work is partly supported by Swedish
eading by S, giving a propagation velocity of peosearch Counsel (VR) #621-2005-5005 and #621-2008-3769 and

5~10km/s at 4.&, which agrees with westward motion of - gyyeish National Space Board (RS). MY thanks programs for dis-

auroral bulge in the ionosphere-(° longitude/min). The  apled people in Sweden which have made it possible for him to
observations indicate a new type solitary structure in thework.

magnetosphere as the cause of the westward moving auro- Topical Editor I. A. Daglis thanks T. Lui for his help in evaluat-
ral bulge: ing this paper.

(1) This solitary structure is composed of polarization
electric field in the propagation direction and magnetic de-
pletion, and is maintained by flux enhancement of 3000 km/sgaferences
ions. Fluxes of the other ring current particles decreased.
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5~10km/s speed. (3) The 3000 km/s ions are the main car- 66(5), 1321-1350, 1961.
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