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[1] Two case studies are performed to investigate substorm timing and activations based
on Double Star TC1, Cluster, Polar, IMAGE, LANL geostationary satellites and
ground-based geomagnetic field measurements. In both events, an earthward flow
associated with plasma sheet thinning is measured by Cluster 8—10 min ahead of the
auroral breakup. A couple of minutes after the breakup, either TC1 at ~X-10 Ry first
detects plasma sheet expansion and then the LANL satellites near the midnight measure
energetic electron injections at geostationary orbit or the LANL satellites first measure
the electron injections and then TC1 detects the plasma sheet expansion. More than about
20 min later, Cluster at X~16 Rg and Polar (at higher latitude) successively observe
plasma sheet expansion. The open magnetic flux of the polar cap, ‘P, is found to
continually increase during the early substorm phase and then to rapidly fall when the IMF
turns northward. When ¥ reaches its minimum value, bright and broad auroral activities
start to decrease. Tailward progression of the magnetic dipolarization and a poleward
expansion of auroral bulges are shown to closely map to one another. These results
suggest that substorm activations start in the midtail before ground onset and then move
earthward, which leads to an expansion onset in the near-Earth tail around X~ -(8—9) Rg.
After onset, the activations progress both earthward and tailward. Substorm onset is
possibly related to plasma sheet reconnection of close field lines, while tail lobe
reconnection of open field lines release more energy to support the full expansion of the
substorm. In a fully developed expansion phase, an initial dipolarization in the near-Earth
may eventually evolve to enable disruption of the cross-tail current over a wide region of

the magnetotail.

Citation: Cao, X., et al. (2008), Multispacecraft and ground-based observations of substorm timing and activations: Two case studies,
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1. Introduction

[2] During substorms a great amount of energy derived
from the solar wind-magnetosphere interaction is stored in
the magnetotail and then explosively released to the auroral
ionosphere and inner magnetosphere. The sudden eruption
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of energy at the expansion onset and the continuous energy
dissipation in the substorm expansion phase manifest a
fundamental mode of energy transport in geospace. Under-
standing substorm energy transport and the expansion onset
mechanism is essential for solar terrestrial physics and space
weather research [McPherron, 1979].
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[3] Substorms consist of a chain of processes responsible
for the release and dissipation of magnetic energy stored in
the magnetotail. The three primary components of these
causally related activations are (1) magnetic reconnection in
the mid- or near-Earth magnetotail that result in earthward/
tailward plasma flows with speeds comparable to the local
Alfvén velocity [McPherron, 1979; Baker et al., 1996];
(2) cross-tail current disruption (CD) which leads to the
diversion of current into the ionosphere and a dipolarization
of the magnetic field in the inner magnetotail [McPherron
et al., 1973; Lui et al., 1988; Lui, 1996], and (3) auroral
breakup in the auroral ionosphere, followed by rapid (mostly
poleward) motion and expansion of the auroral bulge
[Akasofu and Chapman, 1962; Rostoker et al., 1987,
Nakamura et al., 1993]. Despite vast numbers of ground-
based and spacecraft measurements and a number of theo-
retical studies in the last 40 years, the chronological
relationship between these phenomena remains a controver-
sial question [Fairfield, 1992].

[4] Although a number of substorm paradigms exist, two
of them epitomize the main ideas and reveal the primary
observational requirements. These are the “near-Earth cur-
rent disruption” (NECD) and the “near-Earth neutral line”
(NENL) paradigms [4Angelopoulos et al., 2002]. According
to the NECD paradigm: (1) the inner magnetotail (~8—10 Rg)
is the source region of free energy and is where the cross-tail
current density reaches peaks prior to the expansion phase
[Kaufmann, 1987; Ohtani et al., 1992]. (2) Instabilities local
in this region lead to current disruption (CD) and the
formation of the substorm current wedge (SCW), thus
triggering the expansion onset. (3) After onset, depolariza-
tion of the magnetic field propagates tailward, initiating
magnetic reconnection and bursty bulk flows (BBFs).
(4) Flows cause neither the CD nor the auroral breakup
[Lui, 1991; Lyons, 2000]. On the other hand, the updated
NENL paradigm [Baumjohann, 2002] suggests the following:
(1) the BBFs originate from reconnection in the midtail,
transport energy into the inner tail, and typically are stopped
outside the inner region at ~13—15 Ry [Shiokawa et al.,
1997]. (2) Magnetic flux then piles up against this boundary,
ultimately leading to a more dipolar tail configuration, and
hence, to the substorm dipolarization [Shiokawa et al., 1998].
(3) The pressure gradient built up by the flow braking causes
a reduction and diversion of the duskward, cross-tail current,
to form the SCW [Birn et al., 1999]. In addition to the NENL
and NECD paradigms, a synthesis scenario of reconnection
and CD has also been proposed [Pu et al, 1999, 2001;
Zhang et al., 2007], suggesting that flow braking might yield
favorable conditions for instabilities to grow near the inner
edge of the plasma sheet, eventually leading to dipolarization
at substorm onset.

[5] Observational evidence in support of the NECD
paradigm first comes from the auroral images from Viking,
POLAR, and ground-based photometers [Elphinstone et al.,
1995; Frank and Sigwarth, 2000; Lyons and Samson,
1992]. The breakup arcs seem to map equatorward of open
field lines close to the Earth [Angelopoulos et al., 2002].
The Charge Composition Explorer (CCE) in the near-Earth
current sheet obtained distinct signatures of CD at expansion
onset: a highly fluctuated magnetic field and its complex
geometry, magnetic field dipolarization and related cross-
tail current reduction, and localized particle energization
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[Lui, 1996]. Tailward progression of CD after expansion
onset has been clearly seen by Jacquey et al. [1991, 1993],
Perraut et al. [2003], and recently by Lui et al. [2006], in
agreement with the NECD prediction. In addition, Liou et
al. [2002] conducted extensive systematic studies of several
substorm onsets and found the results favor the NECD
scenario. On the other hand, Geotail measurements of a
number of substorms have shown that midtail reconnection
occurs mostly at Xggm~-(20—30) Ry and precedes the
ground onset time on a timescale of ~10 min [Nagai et
al., 1998]. Cao et al. [2006] show by a statistical study of
data from three Cluster satellites that more than 95% of
substorms are accompanied by BBFs and hence BBFs may
contribute more to the transport of magnetic flux, mass, and
energy than what was estimated by previous studies based
on single satellite measurements. Miyashita et al. [2000]
conducted a statistical study of the timing of plasma flow
onset with expansion onset to show that plasma flows in the
midtail occurred prior to expansion onset. Furthermore,
Baker et al. [2002] reported a case study of a substorm
with Cluster, IMAGE, and geostationary satellites. They
illustrated the fact that magnetic reconnection seen by the
Cluster spacecraft started about 7 min before the
corresponding ground signature of substorm expansion
onset. Zong et al. [2004, 2007] found an intense substorm
event in which Cluster observed an earthward moving BBF/
plasmoid 14 min ahead of the first injection in the geosta-
tionary orbit. Ohtani et al. [1999] have also shown a similar
result with a case study of Geotail, geostationary, and
ground-based data. Apparently, these observations favor
the NENL paradigm. Therefore, there are observational
supports for both paradigms, based on existing in situ and
ground-based measurements [Lui, 2004]. The controversy
between the two paradigms remains unsettled.

[6] The most critical issue for distinguishing between the
two competing substorm paradigms is to conduct accurate
timing of tail reconnection onset with respect to onsets of
near-Earth substorm activities. In order to do so, one
requires in situ particle and field observations from multi-
spacecraft in the middle and inner magnetotail, in conjunc-
tion with simultaneous and ground-based auroral and
magnetometer measurements. There have been such
attempts in the previous studies [e.g., Ohtani et al., 1999;
Baker et al., 2002; Perraut et al., 2003]. Nevertheless, the
timing of activity onset for differentiating the paradigms
turns out to be difficult because the timing difference is
small [Lui, 2004] and usually the spacecraft are not in
appropriate positions. From July to October the apogees of
Cluster and Double Star TC1 are both in the magnetotail at
~20 Rg and ~13 Rg from the Earth, respectively, allowing
the middle and near-Earth tail substorm activities to be
monitored. We have taken advantage of this conjunction to
make a statistical study during substorms of plasma sheet
expansion and magnetic field compression, associated with
flux pileup [Zhang et al., 2007]. In this paper we use TCI,
Cluster, Polar, IMAGE, geostationary satellites, and ground-
based Pi2 measurements to perform two case studies of
various substorm activations, with attention to determining
a possible time sequence among these phenomena.

[7] The paper is organized as follows. In section 2 we
briefly describe the data used in the study and the relevant
instruments on board Cluster and TC-1. In section 3 we
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Figure 1.

Spacecraft locations and the plasma sheet configuration for the substorm on 14 September

2004 at ~1825 UT obtained from the mapping approach of Kubyshkina et al. [1999, 2002] and
Ganushkina et al. [2004] with the TC1 and Cluster data.

present coordinated observations of two typical substorms.
In section 4 we discuss in detail the phenomena observed
and the possible underlying physics. Section 5 is a brief
summary.

2. Data and Instrumentation

[8] In this paper, data from magnetic field, thermal ion,
and electron experiments on board Double Star TC1 and
Cluster are used. The TC1 spacecraft was launched in
December 2003 into an equatorial orbit at 28.2° inclination,
with an apogee of 13.4 Rg and a perigee of 570 km [Liu et
al., 2005]. Our study was facilitated by common instrumen-
tation on the two missions. The four Cluster and TC1 all
carried a Fluxgate Magnetometer (FGM) [Balogh et al.,
2001; Carr et al., 2005], a Hot Ion Analyzer (HIA) (except
Cluster 2) [Reme et al., 2001, 2005], and the Plasma Electron
and Current Experiment (PEACE) [Johnstone et al., 1997,
Fazakerley et al., 2005]. The FGM instrument measures the
magnetic field vector at high time resolution; the HIA
instrument provides a full three-dimensional energy/velocity
distribution of ions (protons) from thermal energies up to
about 32 keV/q and moments with a time resolution up to 4 s,
and the PEACE instrument offers electron number density,
temperature, and velocity distribution every 4 s in the energy
range from 0.7 eV to ~30 keV. We also use the magnetic
field data measured by Polar, auroral data from IMAGE,
energetic particle data from the Synchronous Orbit Particle
Analyzer (SOPA) on board LANL satellites, as well as Pi2
and H-component geomagnetic field data obtained by the
ground-based station around middle magnetic latitude
(http://swdewww.kugi.kyoto-u.ac.jp).

3. Observations
3.1. Substorm on 14 September 2004

[9] On 14 September 2004, a substorm auroral breakup
started at ~1822—1824 UT. Around this time TC1, Cluster,
and Polar were located at (—10.2, —1.9, 0.6) Rg, (—16.4,
0.8, 2.6) Rg, and (—7.5, 3.5, —4.0) Rg in the GSE
coordinates, respectively. Figure 1 shows the spacecraft
locations and the plasma sheet configuration at ~1825 UT
obtained from the mapping approach of Kubyshkina et al.
[1999, 2002] and Ganushkina et al. [2004] with TC1 and
Cluster data. During the early expansion phase of the
substorm, the cross-tail current sheet appeared to be thin

and the tail magnetic field stretched out down-tail. Note that
TC1 was located in the premidnight sector in the near-Earth
tail, Cluster was postmidnight near the northern plasma
sheet boundary layer, and Polar was in the southern hemi-
sphere at higher latitudes.

[10] Figure 2 gives an overview of the event in the GSE
coordinate system. showing from top to bottom: the mag-
netic field observed by Polar (B in black, By, in green, and
B, in red); the magnetic field, number density, and the
X-component of the thermal ion bulk velocity observed by
Cluster spacecraft 4; the B, component of the interplanetary
magnetic field (IMF) at 1 AU shifted from the ACE
measurement at the L1 position (http://omniweb.gsfc.nasa.
gov/html/HROdocum.html#3); the magnetic field and ther-
mal ion bulk velocity (Vy in black, V, in green, and V, in
red) measured by TC1, and the open magnetic field flux in
the polar cap ¥ obtained with the magnetogram inversion
technique by Mishin [1990]. Note that the vertical dashed
line in Figure 2 marks the auroral breakup at ~1822 UT.
Figure 3a shows the auroral brightening observed by
IMAGE/WIC that began at about 1822 UT. Figures 3b
and 3¢ show the Pi2 pulsation of D- and H-component in the
period range of 40—150 s and the geomagnetic H-component
observed at the Urumgqi station in the northwest China
(48° MLAT), respectively. The midlatitude Pi2 begins at
~1823 UT, almost at the same time as the auroral breakup.
A positive H excursion, which is usually seen in the mid-
latitude and low-latitude magnetogram, associated with sub-
storms, also starts at ~1823 UT. Figure 4 presents the
energetic electron measurements at the geostationary orbit
by LANL-02A in the premidnight sector at ~23 MLT and
97A at ~0430 MLT. In addition, the AE index increases from
474 nT to 595 nT during a short period of 1827—1833 UT
and arrives at a peak of 1153 nT at ~1850 UT (not shown
here, see http://swdcwww.kugi.kyoto-u.ac.jp/aedir/).

[11] From the auroral breakup shown in Figure 3a, we
infer that the expansion phase of the substorm on 14
September starts at ~1822 UT, which is further confirmed
by the appearance of midlatitude Pi2 observed at ~1823
(Figure 3b). Cluster 4 observed an earthward flow with
a peak of V,~400 km/s at ~1812 UT at X~-16.4 R,
~10 min ahead of the expansion onset, when the IMF B,
at 1 AU was negative and the open magnetic flux ¥ was
increasing. Meanwhile, about 3—4 min after the onset, TC1
observed a dipolarization-associated plasma sheet expansion
at 18251826 UT, characterized by a sudden drop of the By
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Figure 2. Overview of the 14 September 2004 event in the GSE coordinate system. From top to bottom
are shown the magnetic field measured by Polar (B in black, By in green, and B, in red); the magnetic
field measured by Cluster spacecraft 4 (B in black, By in green, and B, in red), number density measured
by Cluster 4; the X-component of the thermal ion bulk velocity measured by Cluster 4; the B, component
of the interplanetary magnetic field at 1 AU shifted from the ACE measurement at the L1 position; the
magnetic field measured by Double Star TC1 (By in black, By in green, and B, in red); the magnetic field
measured by Cluster spacecraft 4 (B in black, By in green, and B, in red); the thermal ion bulk velocity
measured by Double Star TC1 (Vy in black, Vy in green, and V, in red); the open magnetic field flux in
the polar cap obtained with the magnetogram inversion technique MIT-2 [Mishin, 1990].

4 of 13

A07S25



A07S25

CAO ET AL.: OBSERVATIONS OF SUBSTORM ACTIVATIONS

A07S25

o
o
TTH

.00

-0.05

-0.10

Filtered D(nT)
(=]
i§

;HH‘HH‘

-0.15

1

1.0

0.5

T HH‘H\E

Filtered H(nT)
i§

0.0

-0.5

710:(\\\\\\\\‘\\\\\\\\\‘HHH\H‘\HHHH‘HH\HH H\HHH‘H\HHH [INENEEE \HHHH‘\HHHH‘HH\HH‘HHHH;

Ll HH‘\HF THH‘HH‘HH HH‘HH‘\H

|

17:30 17:40 17:50 18:00 18:10 18:20

18:30

(b)

18:40 18:50 19:00 19:10 19:20 19:3C

2.518

2.516

2.514

H(nTX10"

2.512

17:30 17:40 17:50 18:00 18:10 18:20

18:30

(¢)

18:40 18:50 19:00 19:10 19:20 19:30

Figure 3. (a) Auroral breakup of the substorm on 14 September 2004 at 1822 observed by IMAGE/
WIC; left: 1822:36 UT; right: 1824:41. (b) Pi2 pulsation (D- and H- component) during the substorm on
14 September 2004 observed at the Urumgi station in the northwest China (48° MLAT). (¢) The
geomagnetic H-component observed at the Urumgqi station.

component and a simultaneous jump of B,, as well as a
reversal of By. In addition, a few minutes later at ~1830 UT,
LANL-02A measures energetic electron injection at the
geostationary orbit near midnight. Furthermore, ~28 min
after the auroral breakup, Cluster 4 saw the plasma sheet
expansion with the same features occurring about 20 min
earlier at the TC1 position. Finally, about 5 min later than
this expansion, at 1855 UT, Polar observed a similar plasma

sheet expansion. Correspondingly, a rapid decrease of V¥
begins at ~1830 UT and reaches its minimum at ~1855 UT,
while auroral activities start to weaken around 1855 (not
shown here).

3.2. Substorm on 17 September 2004

[12] Another substorm auroral brightening started at
~0115 UT on 17 September 2004, when TC-1, Cluster,
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Figure 4. Energetic electron injection for the substorm on 14 September 2004 measured by the
geostationary spacecraft (top) LANL-02A at ~23 MLT and (bottom) LANL-97A at ~04:30 MLT. From

top to the bottom in both two panels are shown the differential counting rate (counts s~' cm 2 sr—

1

keV™") of energetic electrons for the energy range of 50—75 keV, 75—105 keV, 105-150 keV, 150—
225 keV, 225-315 keV, 315-500 keV, 500—-750 keV, 0.75—1.1 MeV, 1.1-1.5 MeV, and >1.5 MeV.

and Polar were located at (—10.3, —1.6, 0.6) Rg, (—15.1,
0.7, 3.7) Rg and (—7.5, 4.0, —4.1) Rg in the GSE coor-
dinates, respectively. Although an analysis of this event has
been previously published, we briefly summarize those
observations and add additional data here in order to provide
a context for comparison of the two events. Zhang et al.
[2007] presented detailed descriptions and discussions of
the event. About 8 min ahead of the auroral breakup at
~0107 UT, Cluster observed an earthward ion bulk flow
with a peak of ~300 km/s at X~-15.1 Rg. This flow lasted
for about 13 min when the IMF B, at 1 AU was negative.

Almost at the same time as the auroral breakup, TCl1
observed a beginning of magnetic field compression, which
is expected to be associated with magnetic flux pileup
caused by a braking of the earthward flow [Zhang et al.,
2007]. Meanwhile, quite close to the auroral breakup,
LANL-1990-095 at ~23 MLT and OlA at ~1.5 MLT
measured energetic electron injections at the geostationary
orbit at 0116 and 0117 UT, respectively (see Figure 5).
Twelve minutes later than the breakup, TC1 observed
plasma sheet expansion at ~0127 UT with a rapid drop of
By, a simultaneous jump of B,, and a noticeable reversal of By,

Geosychronous Electron Data
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Figure 5. Energetic electron injection for the substorm on 17 September 2004 measured by the
geostationary spacecraft (top) LANL-01A at ~01:30 MLT and (bottom) LANL-1990—-095 at ~23 MLT.

From top to the bottom in both two panels are shown the differential counting rate (counts s tem 2 st
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keV ™) of energetic electrons for the energy range of 50—75 keV, 75—105 keV, 105—150 keV, 150—
225 keV, 225-315 keV, 315-500 keV, 500—-750 keV, 0.75—-1.1 MeV, 1.1-1.5 MeV, and >1.5 MeV.
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Figure 6. Plasma sheet expansion in substorm on 17 September 2004 observed by TC1 and Polar. (top)
Magnetic field measured by Double Star TC1 (By in black, By in green, and B, in red); (bottom) magnetic
field measured by Polar (B, in black, By in green, and B, in red).

[Zhang et al., 2007]. Furthermore, about 23 min after the
auroral breakup, Polar observed the plasma sheet expansion
with signatures similar to those seen by TC1 (Figure 6 (top)
shows TC1 and Figure 6 (bottom) shows Polar). The Cluster
satellites were not at suitable positions and did not detect
notable signals of plasma sheet expansion. More details about
this event can be found in the work of Zhang et al. [2007].

4. Discussions

[13] We have presented multispacecraft observations of
substorms on 14 September 2004 and 17 September 2004
by TCl1, Cluster, Polar, Image, and geostationary orbit
satellites, together with ground-based Pi2 measurements
collected for the 14 September event only. These coordi-
nated measurements provide a wealth of information
regarding the time sequence of various substorm activities
and the underlying physics. The characteristic features of
the two events are similar and the following discussion will
focus only on the substorm of 14 September 2004.

4.1. Plasma Flow Related to Plasma Sheet Thinning
Ahead of the Expansion Onset

[14] About 10 min ahead of the expansion onset of the
14 September substorm, Cluster 4 observed an earthward
flow at X~-16.4 Rg with a peak of V; ~400 km/s. The flow
lasts for about 15 min and disappears at ~1820, just 2 min
before the expansion onset. Similar phenomena have
often been observed by Cluster [e.g., Baker et al., 2002;
Nakamura et al., 2002, 2004b; Pu et al., 2006]. The second
and fourth panels of Figure 2 show that the flow is clearly
related to plasma sheet thinning, since the spacecraft has
rapidly moved into the lobe. Nakamura et al. [2002, 2004b]
suggest that this type of flows is possibly related to the
reconnection process. Pu et al. [2006] have further shown
that if there was also a satellite situated in the central plasma
sheet, it would observe an earthward flow, simultaneously
with a prominent velocity component perpendicular to the
magnetic field.

[15] Unfortunately, in the 14 September event, TC1 did
not observe the direct effects of the flow, probably in view
of its unfavorable azimuthal position. The full width of the
BBF channel is between 2 and 3 Rg in the dawn-dusk
direction, on average [Nakamura et al., 2004a], while

the GSE Y-coordinates of Cluster 4 and TC1 are 0.8 Rg
and —1.9 Rg_respectively. This range may be too narrow for
the flow channel to encounter both Cluster and TCI.
Nevertheless, Zhang et al. [2007] have shown that in a
number of substorms TCI does observe magnetic field
compression in the inner tail associated with magnetic flux
pileup by breaking of earthward flows. In the 14 September
substorm, the flow observed by Cluster would arrive at
X~-10 Rg in 3—4 min, about 6—7 min prior to the auroral
breakup. It is thus likely that the substorm expansion onset
is triggered neither directly by the flow itself nor by the
braking of the flow. One possibility would be that the flow
braking needs some time to create favorable conditions for
the onset of the expansion phase [Nakamura et al., 2006;
Zhang et al., 2007], as the synthesis scenario of reconnec-
tion and CD has suggested [Pu et al., 1999, 2001].

4.2. Polar Cap Open Magnetic Flux ¥ and Magnetic
Reconnection in the Tail

[16] The seventh panel of Figure 2 illustrates that during
the early phase of substorms, the open magnetic flux of
the polar cap, ¥, continues to increase. A rapid decrease
of ¥ begins at ~1830 UT and reaches the minimum at
~1855 UT. In the present study, W is calculated with the
magnetogram inversion technique MIT-2 [Mishin, 1990;
Kamide and Baumjohann, 1993],where a number
of ground-based magnetometer data from geomagnetic
latitudes >50° are input and the 2-D model of the iono-
spheric conductance of Mishin et al. [1986] is used.

[17] Interestingly, it is seen from Figure 2 that the
earthward flow in the event was observed when the IMF
B, at 1 AU remained negative, and ¥ was increasing. It has
been recognized that in many substorm events, midtail
reconnection develops in two steps: first, plasma sheet
reconnection of closed field lines (PSR) and second, tail
lobe reconnection of open field lines (TLR). In accordance,
the overall substorm phenomena occur in two distinct ways
associated with the different topologies of reconnection
[Baker et al., 2002; Mishin et al., 1997, 2001; Pu et al.,
2006]. During the period of PSR, if reconnection at the
dayside magnetopause continues and transports more flux to
the magnetotail than that distant reconnection releases, W
will keep increasing. After the IMF northward turning
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Figure 7.

occurs, both dayside and distant magnetotail reconnection
cease. There will be no flux transported from the distant tail
to support PSR, The magnetic field and plasma in the lobes
must involve in midtail reconnection [Russell, 2000], TLR
then develops and hence W dramatically decreases [Pu et
al., 2006]. It can therefore be postulated from the fourth and
bottom panels of Figure 2 that the earthward flow seen by
Cluster is likely to be related to the PSR tailward of Cluster,
as discussed previously, and that after ~1830 UT TLR
transports more energy to support the full development of
the substorm. This conjecture is consistent with the obser-
vation that the auroral bulge’s remaining brighter and
broader after the initial poleward expansion, for more than
20 min until 1855 UT (not shown here). The conjecture is
also in accordance with the fact that the AE index increases
from 474 nT to 595 nT during a short period of 1827—-1833
UT and arrives at a peak of 1153 nT at ~1850 UT. We will
address in a future paper the fascinating issue regarding the
two types of tail reconnection (PSR and TLR) and the

(a) Pi2 fluctuations in substorm on 14 September 2004 measured by (top) TCl1, (middle)
Cluster, and (bottom) Polar. (b) The successive imaging of poleward boundary intensifications (PBIs) at
1751, 1753, 1755, and 1757 observed by IMAGE/WIC.

related two types of substorm onset (the initial onset and
major onset).

4.3. Poleward Boundary Intensifications in the
Growth Phase

[18] Figure 7 illustrates another interesting feature of the
event related to possible tail reconnection during the sub-
storm growth phase. Figure 7a shows that TCI (top),
Cluster 4 (middle), and Polar (bottom) all measured Pi2
fluctuations. These fluctuations appeared much earlier than
the detection of the plasma sheet expansion and reached a
maximum right at the plasma sheet expansion time. Fur-
thermore, while Cluster sees Pi2, IMAGE/WIC observes
poleward boundary intensifications (PBIs), which last for
22 min, from 1746 UT until 1808 UT. Figure 7b shows the
successive imaging of PBIs at 1751, 1753, 1755, and
1757 UT. These PBIs are nightside geomagnetic disturban-
ces that have auroral signatures which move equatorward
from the poleward boundary of the auroral zone [Henderson
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et al., 1998; Sergeev et al., 1999]. They occur under all
geomagnetic conditions, both in the presence and absence
of substorms. In a number of events, Lyons et al. [1999]
found that each series of PBIs are associated with series of
ground Pi2 pulsations. It has also been suggested that some
PBIs are associated with magnetic reconnection in the
magnetotail [Lam et al., 2004]. We then expect that during
the PBIs observed by IMAGE, distant reconnection is
proceeding with electron precipitation at the poleward
border of the auroral region. There is a 14 min gap from
1808 to 1822 UT, during which no active auroral activities
are seen. The relationship between PBIs and auroral bright-
ening in this event remains unclear.

4.4. Characteristic Features of Plasma Sheet
Expansion

[19] TCI, Cluster, and Polar successively observe plasma
sheet expansion with similar features: a sudden decrease of
By, a simultaneous jump of B, and a reversal of B,. These
changes happen after substorm dipolarization when the
tailward progression of the plasma sheet expansion arrives
at the satellite positions. Readers are referred to Zhang et al.
[2007] for detailed discussions of these basic features.

[20] The seventh panel of Figure 2 illustrates an addi-
tional feature of the plasma sheet expansion: the earthward
component of thermal ion velocity (V) shows a rapid jump
from almost zero to greater than 400 km/s, which lasts for
about 3 min. Cluster 4 also later sees a jump of V, with a
shorter lifetime. This type of short-lived earthward flow is
commonly seen when plasma sheet expansion is detected
[Zhang et al., 2007; Shiokawa et al., 2005] and is believed
to be associated with the inductive electric field at substorm
expansion [Birn and Hesse, 1998]. Note that these expansion-
related fast flows should be distinguished from those observed
prior to expansion onsets. On the basis of detailed analyses of
Cluster plasma and magnetic field data, Nakamura et al.
[2004b] report that there are two types of fast flows in the
plasma sheet: those related to dipolarization, and those
associated with current-sheet thinning. The first type of
flow is accompanied by a sharp enhancement in B,,
indicating a thickening of the plasma sheet and dipolariza-
tion fronts, similar to the short-lived earthward flows shown
in Figure 2. The second type of flow is possibly related to
the reconnection process [Nakamura et al., 2002], similar to
the fast flow measured by Cluster, and which is ~10 min
ahead of the auroral breakup in the 14 September substorm.
The timing of these two types of fast flows with respect to
substorm onsets is different. It is therefore essential to make
a distinction between these two types of flows when
studying the relationship between fast flows and substorms.

[21] Another feature of plasma sheet expansion can be
found in Figure 8, in which temperatures of both thermal
ions and electrons show a sharp jump (for both TC1 and
Cluster). This phenomenon is also commonly seen in many
substorm events [Zhang et al., 2007]. This particle energi-
zation process is characterized by a higher increase in T,
than T,. It has been known that during magnetic field
dipolarization, the westward inductive electric field inten-
sely drives ions and magnetic flux earthward to generate the
so-called “‘convection surge” [Quinn and Southwood,
1982], which leads to a sudden earthward displacement of
curved field lines [Quinn and Southwood, 1982; Mauk,
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1986]. Delcourt et al. [1990] and Delcourt and Sauvaud
[1994] show that during the course of this process, the large
but short-lived electric field yields an intense acceleration of
the particles in the direction parallel to the magnetic field,
Korth and Pu [2001] further suggest that when magnetic
field dipolarizes, the centrifugal mechanism will play an
important role in accelerating particles in the parallel
direction. Obviously, our observation in Figure 8 can be
well explained by these mechanisms, indicating that the
convection surge mechanism continues to work after the
expansion onset.

4.5. Tailward Progression of Dipolarization and
Substorm Paradigms

[22] TCI, Cluster, and Polar’s successive observation of
plasma sheet expansion strongly indicates that the current
disruption region expands tailward after the expansion
onset, as the NECD scenario suggested [Jacquey et al.,
1991, 1993; Perraut et al., 2003]. However, the tailward
progression of dipolarization at multiple activity sites is also
a shared feature of the NECD and NENL paradigms [Lui,
2004; Baumjohann et al., 1999]. In the NECD paradigm,
CD initiates a tailward propagating rarefaction wave that
triggers reconnection and BBFs as the wave reaches the
midtail [Chao et al., 1977; Lui, 1991]. In the NENL para-
digm, on the other hand, it is suggested that once the tailward
moving dipolarization front arrives at the reconnection site,
the near-Earth neutral line disappears [Baumjohann et al.,
1999]. Baumjohann et al. consider this feature the classical
signature of the beginning of the recovery phase. In this study
we are not able to make a detailed test of these two
hypotheses with our obtained data.

[23] Nevertheless, a few points can still be seen:

[24] 1. The rapid drop of polar cap open-flux, ¥, can be
taken as an indicator of the development of TLR [Cao et al.,
2005; Pu et al., 2006; Zhang et al., 2006]. In this event, ¥
starts to drop at ~1830 UT, suggesting that TLR occurs a
few minutes later than the expansion onset. The fifth and
eighth panels of Figure 2 show that the rapid dissipation of
Y seems to be related to the northward turning of the IMF,
which is consistent with the model by Russell [2000]. It is of
interest to note that after ~1830 UT, the auroral bulge
apparently expands and the excursion of the geomagnetic
field H grows rapidly. It has been known that PSR itself can
lead to expansion onset [Baumjohann, 2002]. Thus it is
likely that TLR in the 14 September 2004 substorm releases
more energy to support the further development of the
expansion phase.

[25] 2. Although Cluster observes a reversal of V, at the
time of plasma sheet expansion, the V, reversal is not
accompanied with a reversal of B,. Therefore, it cannot be
regarded as the signature of a reconnection site crossing. No
signatures have been seen to suggest that tailward progres-
sion of the dipolarization initiates magnetic reconnection
and bursty bulk flows in the midtail.

[26] 3. ¥ reaches its minimum at ~ 1855 UT (bottom
panel of Figure 2). One might refer to this minimum as an
indication of the end of TLR and therefore the start of the
recovery phase [Baumjohann et al., 1999]. This view
certainly does not contradict the fact that the bright and
broad auroral activities start to decease just around 1855 UT
in this event (not shown here).
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Figure 8. Temperature of thermal ions and electrons for the substorm on 14 September 2004. The first
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green, respectively.

4.6. Tailward Progression Speed of the Plasma
Sheet Expansion

[27] By applying multipoint analysis techniques on Clus-
ter and TC1 measurements, Nakamura et al. [2005] find
that the dipolarization-related disturbances propagate tail-
ward with a speed of 60—190 km/s, which is within the
limits of the previously obtained tailward propagation
speeds of 35-300 km/s [Ohtani et al., 1992; Jacquey et
al., 1993; Baumjohann et al., 1999]. In the present study, by
mapping along the straight line tangential to the field line at
the TC1 and Cluster locations to the equator, we roughly
estimate that the equatorial distance between TC1 and
Cluster in the 14 September 2004 event is ~29.4 Rg and
then obtain the tailward progression speed of the plasma
sheet expansion to be ~82 km/s and the source region of the
dipolarization to be at X ~-8.5 Rg. Since LANL-02A
measures energetic electron injection at the geostationary
orbit near the midnight later at ~1830 UT, which is 7—8 min

later than the auroral breakup, the earthward propagation
speed of substorm injection can then be found to be
~25 km/s. This is close to the value of ~24 km/s obtained
by Reeves et al. [1996], based on a statistical study of CRRES
and LANL geosynchronous energetic particle data.

4.7. Close Relationship Between the Poleward
Advance of the Auroral Bulge and the Tailward
Progression of Dipolarization

[28] The tailward progression of current disruption would
lead to the development of the substorm current system’s
appearing in the ionosphere at progressively higher latitudes
and hence is believed to correspond to the poleward
expansion of the auroral bulge in the ionosphere [Lui,
2004]. Liou et al. [2002] investigated the characteristics of
dipolarization at geosynchronous altitude in terms of rela-
tive timing and location relative to auroral breakup. On the
basis of the T89 magnetic field model [Zsyganenko, 1989],
they have shown that the substorm auroral bulges in the
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Figure 9. Auroral images from IMAGE/WIC at (left) ~1824:41 UT, (middle) 1851:37 UT, and (right)
~1855:46 UT in 14 September 2004 substorm. The foot points of TC1 (black), Cluster (blue), and Polar
(pink) are positioned in the plots for comparison.

ionosphere, and the dipolarization region in the magneto-
sphere, map closely together. By using the mapping
approach of Kubyshkina et al. [1999, 2002] and Ganushkina
et al. [2004], we have made a calculation of the ionospheric
foot point locations for TC1, Cluster, and Polar, based on
the magnetic field measurements at the time the spacecraft
observed the tailward progression of the current disruption.
Our approach includes a possibility to change the amplitude
of the basic T96 currents [7syganenko and Stern, 1996]
using the tuning coefficients, which are obtained in order to
minimize the difference between the model values and the
spacecraft data. Figure 9 illustrates a sequence of nightside,
auroral images from IMAGE/WIC at ~1824:41 (left),
1851:37 (middle), and ~1855:46 (right). The footprints of
TC1, Cluster, and Polar are positioned in the plots for
comparison. We can see that while the dipolarization front
moves tailward after substorm onset, the auroral bulge is
synchronously expanding and shifting poleward and the
foot points of TC1 (at 1825), Cluster (at 1850), and Polar
(at 1855) lie quite close to poleward boundary of the auroral
bulge. This finding reveals a close relationship between the
poleward advance of the auroral bulge in the ionosphere and
the tailward progression of SCW. We can envisage that an
initial dipolarization in the near-Earth region may eventu-
ally evolve to enable disruption of the cross-tail current
down to the midtail region. This would eventually lead to a
fully developed expansion phase [Lui, 2004].

5. Summary

[20] We have used TC1, Cluster, Polar, IMAGE, geosta-
tionary satellites, and ground-based geomagnetic field
measurements to make two case studies of various substorm
activations, paying attention to a possible time sequence
among these phenomena.

[30] The major results for the two events are similar and
can be summarized as follows:

[31] 1. In both events an earthward flow associated with
plasma sheet thinning is measured by Cluster 8—10 min
ahead of the auroral breakup. Prior to the breakup, TCI
does (17 September event) or does not (14 September event)
observe magnetic field compression (pileup), which is
probably caused by the braking of the incoming earthward

flow. A couple of minutes after the breakup, either TC1 first
detects plasma sheet expansion and subsequently, the
LANL geostationary satellites near midnight measure ener-
getic electron injections (14 September event), or first they
measure electron injections and then TC1 detected plasma
sheet expansion (17 September event). About 20 min
(or more) later, Cluster and Polar successively observe
plasma sheet expansion.

[32] 2. During the early phase of substorms, the open
magnetic flux of the polar cap, ¥, continues to increase,
indicating that plasma sheet reconnection of closed field
lines is probably proceeding. The rapid dissipation of ¥ is
likely to be related to the northward turning of the IMF.
When Y reaches its minimum, the bright and broad auroral
activities start to decrease.

[33] 3. Plasma sheet expansion is characterized by a
sudden decrease of By, a simultaneous jump of B,, and a
reversal of By. In addition, temperatures of thermal ions and
electrons both show a sharp jump with a higher increase in
T, than T . The convection surge mechanism may continue
to work after the expansion onset. A common feature is that
of a short-lived earthward flow, believed to be produced by
inductive electric field at the expansion, and is thus
distinguishable from the flows ahead of onsets, that are
thought to be related to the reconnection process.

[34] 4. Substorm expansion onset begins in the near-Earth
tail around X~ -(8—9) Rg. Substorm activations start in the
midtail before onset, then approach earthward. After onset,
they progress both earthward and tailward. The speed of the
tailward progression of plasma sheet expansion is ~82 km/s,
while the speed of the earthward propagation of the substorm
injection is found to be ~25 km/s.

[35] 5. Poleward expansion of auroral bulges and tailward
progression of the dipolarization are shown to closely map
to one another. An initial dipolarization in the near-Earth
may eventually evolve to enable disruption of cross-tail
current over a wide range of the magnetotail, leading to a
fully developed expansion phase.

[36] A detailed test of the NECD and NENL paradigms
cannot be achieved in the present work. Further study of
the mechanism that triggers expansion onset in the near-
Earth tail is therefore desirable. To achieve this, more
plasma and field data from multiple spacecraft aligned in
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the magnetotail, together with accurate auroral imaging from
both in situ and ground-based measurements, are required.
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