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[1] We have obtained a state-of-the-art picture of substorm-associated evolution of the
near-Earth magnetotail and the inner magnetosphere for understanding the substorm
triggering mechanism. We performed superposed epoch analysis of Geotail, Polar, and
GOES data with 2-min resolution, utilizing a total of 3787 substorms for each of
which auroral breakup was determined from Polar UVI or IMAGE FUV auroral imager
data. The decrease of the north-south magnetic field associated with plasmoids and the
initial total pressure decrease suggest that the magnetic reconnection first occurs in

the premidnight tail, on average, at X ~ —16 to —20 R at least 2 min before auroral onset.
The magnetic reconnection site is located near the tailward edge of a region of
considerably taillike magnetic field lines and intense cross-tail current, which extends
from X ~ —5 to —20 Ry in the premidnight sector. Then the plasmoid substantially
evolves tailward of X ~ —20 Ry immediately after onset. Almost simultaneously with the
magnetic reconnection, the dipolarization begins first at X ~ —7 to —10 Rg 2 min
before onset. The dipolarization region then expands tailward as well as in the dawn-dusk
directions and earthward. We find that the total pressure generally enhances in association
with the dipolarization, with the contribution of high-energy particles. Also, energy
release is more significant between the regions of the magnetic reconnection and the initial
dipolarization. The present results will be helpful as a reference guide to developing the
overall picture of magnetotail evolution and studying the causal relationship between
the magnetic reconnection and the dipolarization as well as detailed mechanisms of each

of the two processes on the basis of multispacecraft observations.

Citation: Miyashita, Y., et al. (2009), A state-of-the-art picture of substorm-associated evolution of the near-Earth magnetotail
obtained from superposed epoch analysis, J. Geophys. Res., 114, A01211, doi:10.1029/2008JA013225.

1. Introduction

[2] Part of the energy of the solar wind enters into the
magnetosphere when the interplanetary magnetic field (IMF)
reconnects with the Earth’s magnetic field at the dayside
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magnetopause. The solar wind input enhances during south-
ward IMF periods. As a result, the energy accumulates in
the form of distorted magnetic fields in the magnetotail, and
the growth phase of the substorm begins. When this energy
accumulates in excess or when external conditions change,
a rapid catastrophic instability or reconfiguration occurs,
causing significant release and dissipation of the stored
energy, i.e., the substorm expansion onset. This loading-
unloading process in the magnetotail plays an important role
in causing substorms. During substorms various phenomena
occur in the magnetosphere, in the ionosphere, and on the
ground: plasmoid, bursty bulk flow, dipolarization, forma-
tion of the current wedges, energetic particle injection
around geosynchronous orbit, auroral breakup, westward
auroral electrojet, and Pi2 pulsation.

[3] The triggering mechanism of the substorm expansion
onset has been a major issue in magnetospheric substorm
research. Various models have been proposed. A principal
candidate is the near-Earth neutral line (NENL) model [e.g.,
Russell, 1972, 1974; Hones, 1976; Baker et al., 1996;
Shiokawa et al., 1997, 1998]. In this model, a neutral line
is formed in the near-Earth tail or midtail, and the magnetic
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Figure 1. Locations of Geotail (larger black dots), Polar

(smaller gray dots), and GOES (small black dots) at the
substorm expansion onsets in GSM coordinates.

reconnection begins, resulting in the formations of the
tailward-moving plasmoid and the earthward bursty bulk
flow (BBF) which transport magnetic flux, mass, and
energy at a high speed. The fast earthward flow causes
the dipolarization in the near-Earth region. This model can
naturally explain the plasmoid formation. However, it is still
debatable whether or not earthward BBFs during a substorm
are always intermittent and incapable of carrying magnetic
fluxes and energy that are required for a substorm
[Angelopoulos et al., 1994]. Also, fast earthward flows
are less frequently observed on the earthward side of the
magnetic reconnection site than fast tailward flows associ-
ated with plasmoids on the tailward side [Machida et al.,
1999; Miyashita et al., 2000, 2003]. The location of the
magnetic reconnection site has been proposed by many
previous studies: for example, X < —20 Ry [Baumjohann
et al., 1989], X ~ —21 Ry [Baumjohann et al., 1999],
—20 > X > —30 Ry in the premidnight sector [Nagai et al.,
1998], X ~ —20 Rg in the premidnight sector [Machida et
al., 1999; Miyashita et al., 2000, 2003], and X ~ —15 to
—18 Ry [Slavin et al., 2002].

[4] Another principal candidate for substorm triggering
mechanism is the current disruption (CD) model [e.g., Lui,
1996]. This model predicts that the ballooning instability
[Roux et al., 1991; Bhattacharjee et al., 1998; Cheng and
Lui, 1998] or the cross-field current instability [Lui et al.,
1991] causes the CD in a localized region of the plasma
sheet at X ~ —10 Rp, resulting in the dipolarization and the
formation of the current wedges. The CD also generates a
tailward-propagating rarefaction wave, which causes the
magnetic reconnection in the midtail. The CD region
expands tailward in the course of a substorm. The CD
model has an advantage of explaining the location and
timing of the auroral breakup [cf. Samson et al., 1992],
but it cannot necessarily account for the plasmoid formation
as a natural consequence. The basic differences between the
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CD and NENL models are the location of the initial change
and the propagation direction of the flow or wave.

[5] Other models proposed so far include the magneto-
sphere-ionosphere coupling model [Kan et al., 1988;
Rothwell et al., 1988; Kan, 2007], the convection reduction
model [Lyons, 1995], the boundary layer dynamics model
[Rostoker and Eastman, 1987; Rostoker, 1996], and the
thermal catastrophe model [Smith et al., 1986; Goertz and
Smith, 1989].

[6] For clarifying the causal relationship of substorm-
associated processes in the magnetotail, it is helpful to
employ a timing analysis, such as the superposed epoch
analysis [e.g., Lui et al., 1998; Nagai et al., 1998; Machida
et al., 1999; Miyashita et al., 2000, 2003]. Using plasma
and magnetic field data from the Geotail spacecraft,
Machida et al. [1999] and Miyashita et al. [2000, 2003]
as well as Nagai et al. [1998] concluded that the magnetic
reconnection plays a key role in substorm expansion
triggering.

[7] In the present paper we have performed superposed
epoch analyses more extensively than in our previous paper
[Miyashita et al., 2003]. The main differences are as
follows: Increase of the number of the substorm events
allows us to show the averages in X-Y bins. To reveal the
initial dipolarization region, Polar and GOES data for the
inner magnetosphere are used in addition to Geotail data;
Polar can cover the region between the Geotail perigee,
~9 Rp, and geosynchronous orbit. We consider the contri-
bution of high-energy particles to the plasma pressure,
which was neglected in the previous studies. Furthermore,
we examined electric and magnetic field fluctuations with
a low-frequency range below several Hz. The present
paper shows the variations on the X-Y plane, while
Machida et al. [2009] show those on the X-Z plane.
Finally we discuss the causal relationship between the
magnetic reconnection and the dipolarization as well as a
few issues concerning the magnetic reconnection in the
near-Earth magnetotail.

2. Data

[8] We utilized a total of 3787 substorm events deter-
mined from the auroral breakup: 1020 substorms from the
Polar ultraviolet imager (UVI) [Torr et al., 1995] from
March 1996 to December 1999 [Liou et al., 2000] and
2767 substorms from the IMAGE far ultraviolet imager
(FUV) [Mende et al., 2000a, 2000b, 2000c] from May 2000
to December 2005 [Frey et al., 2004; Frey and Mende,
2007]. The substorm expansion onset times (¢ = 0) were
determined with an accuracy of less than (Polar) or equal to
(IMAGE) 2 min.

[v] For magnetospheric variations, we used data from the
Geotail, Polar, and GOES 8, 9, 10, and 12 spacecraft. At
least one of these spacecraft was located in the nightside
sector during each of the selected events: the magnetotail in
—5>X> —31 Rgand |Y]| < 15 Rg in GSM coordinates for
Geotail, the inner magnetosphere and the magnetotail in
—35>X> —10Rg, |Y] <9 Rg, and |Z] < 5 R for Polar,
and geosynchronous orbit in —3.5 > X > —6.6 Rz and |Y| <
6 Ry for GOES. The distribution of the locations of these
spacecraft at the substorm onsets is shown in Figure 1; the
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number of the data points are 1287 from Geotail, 917 from
Polar, and 3466 from GOES. The coverage of the region is
extensive enough to observe the dipolarization in addition to
the magnetic reconnection and resultant plasmoid.

[10] We performed superposed epoch analyses of various
parameters which are fundamental to the understanding of
magnetotail dynamics as well as mass and energy transport.
The parameters examined include the plasma flow, the
north-south magnetic field, the dawn-dusk electric field,
the magnetic and electric field fluctuations, the total pres-
sure, and the mass and energy fluxes, although only some of
them are shown in the present paper. The data mentioned
below were averaged in 2-min intervals from 11 min before
onset to 21 min after onset for each event. This time
resolution is due to the time accuracy of the auroral onset
times and yields an overall picture of magnetotail variations
in an MHD scale.

[11] For the Geotail data, the ion moments, the mag-
netic field, and the electric field were measured by the
energy-per-charge analyzer (EA) of the low-energy particle
experiment (LEP) [Mukai et al., 1994], the fluxgate magne-
tometer of the magnetic field experiment (MGF) [Kokubun et
al., 1994], and the double probe of the electric field detector
(EFD-P) [Tsuruda et al., 1994], respectively. The time
resolution of these data is 12 s, which corresponds to a
four-spin period. The ion moments were calculated from ions
with an energy-per-charge range from a few tens of eV/g to
~40 keV/g under the assumption that all ions are protons.
For the ion pressure, we also used the data of energetic
protons with an energy range of 44 to 265 keV, obtained
from the suprathermal ion composition spectrometer
(STICS) of the energetic particles and ion composition
instrument (EPIC) [Williams et al., 1994], to take into
account the contribution from high-energy particles beyond
the instrumental range of LEP.

[12] The classification of the Geotail data into the plasma
sheet (PS), the plasma sheet boundary layer (PSBL), and the
lobe was based on the ion 3 (=NkT/(B*/20)) [Mivashita et
al., 2000]: B > G, for the PS, 5, < [ < f3; for the PSBL,
and (3 < 3, for the lobe, where the boundary value between
the PS and the PSBL 3, was defined as ;=1 at X < —15 R,
and logjo B; = —0.14X — 2.1 at X > —15 Rg, and that
between the PSBL and the lobe (3, was defined as 3, =
0.05 at X < —15 Ry, and logjg B, = —0.14X — 3.4 at X >
—15 Rg.

[13] For the near-Earth region, we used the magnetic field
data obtained from the Polar magnetic field experiment
(MFE) [Russell et al., 1995] with 0.92-min resolution and
from the GOES magnetometers with 1-min resolution.

3. Superposed Epoch Analyses

[14] In this section, we show the results of superposed
epoch analyses of the plasma flow, the north-south magnetic
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field, the total pressure, the dawn-dusk electric field, and the
magnetic and electric field fluctuations. The results of the
mass and energy fluxes have been described in detail in
the previous papers by Miyashita et al. [2001, 2003]. Here
the data of the north-south magnetic field are from Geotail,
Polar, and GOES, while those of the other parameters are
only from Geotail. We used arithmetic averages, but the
results essentially does not change even if median values are
used, except for fast earthward flows.

[15] Figure 2 (left) shows two-dimensional plots of the
X component of the plasma (ion) flow V, in the PS and
PSBL from 6 min before onset (= —6 min) to 20 min after
onset (# = 20 min). The data are averaged in 4 Ry X 4 Rg
bins in X and Y, the bins are slid by 2 Rz on the X-Yplane, so
that only their central parts of 2 Rz x 2 Ry are shown in
Figure 2 not to overlap each other. The data of the PSBL are
included, since the PSBL can have the characteristics of the
PS according to our definition, and substorm-associated
flows are also seen in the PSBL. The times shown in
Figure 2 and the text below are the centers of the averaging
intervals. Note that we plotted the bin averages in the
present study, while 2-min data themselves were all plotted
in our previous papers [Miyashita et al., 2000, 2001, 2003].
Figure 3 (left) shows the Y component of the plasma flow V,,
in the PS and PSBL.

[16] Before and at 1 = —4 min there are fast earthward
flows at a speed of >~100 km/s at X < —15 Ry, probably
generated in the distant tail. More fast earthward flows
appear at X < —12 Ry after t = —2 min, but they are not
distributed very widely even immediately after onset
(Figure 2). This is probably due to the localization of the
flows in the Y direction as well as in the Z direction
[Angelopoulos et al., 1997; Nakamura et al., 2004]. The
V,, component generally has duskward and dawnward
speeds of ~40 km/s in the premidnight and postmidnight
sectors, respectively, at X < —12 Ry (Figure 3), indicating
that the fast earthward flows slightly deflect toward the tail
flanks. Meanwhile, fast earthward flows are not seen in the
near-Earth region at X > —12 Ry around onset, although
earthward flows slightly grow at =2 min at (X, ) ~ (=8, 0)
Ry (Figure 2), where there are very slow flows and even
tailward flows [see Miyashita et al., 2000, 2003]. Taking
into account the /;, component, the plasma flows in the near-
Earth region of Y > —4 Ry are slow, ~40 km/s, and
largely deflect duskward around onset. The duskward com-
ponent seems to weaken after + = 4 min. (If the median
values are taken instead of the averages, earthward flows are
seen to be slow. This is because the observation frequency
of fast earthward flows is not very high, so that slow flows
tend to be taken as median values [cf. Miyashita et al., 2003,
Figure 1].)

[17] On the other hand, fast tailward flows begin to grow
significantly in the premidnight sector at X < —20 Ry at
onset (¢ = 0), associated with the formation and evolution of

Figure 2. Two-dimensional plots of the (left) X component of the plasma (ion) flow ¥, on the GSM X-Y plane in the
plasma sheet (PS) and the plasma sheet boundary layer (PSBL); the (middle) deviation of the north-south magnetic field AB.
in the PS, PSBL, and lobe; and the (right) normalized total pressure deviation AP/P, in the PS, PSBL, and lobe (a) from = —6
to 6 min and (b) from # = 8 to 20 min. The size of the bins is 4 x 4 Rp, except for AB. in the inner magnetospheric
region that Polar and GOES cover, 2 Rg X 2 Rg. The 4 x 4 Rz (2 X 2 Rg) bins are slid by 2 Rx (1 Rg) on the X-Y plane
so that only their central parts of 2 x 2 Rz (1 X 1 Rg) are shown not to overlap each other. The times shown are the centers

of the averaging intervals.
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Figure 3. Two-dimensional plots of the (left) ¥ component of the plasma flow ¥, in the PS and PSBL
and the (right) Z component of the plasma flow V in the lobe and PSBL in 4 x 4 Ry bins fromz=—6t0 6
min. The positive V, is directed toward the PS, and the negative V. is directed toward the lobe.
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the plasmoid. The flow speed at X < —25 Ry then exceeds a
few hundred km/s. The speed at —20 > X > —25 Ry is
somewhat slower, possibly because the flows are not
accelerated sufficiently in this region, and the plasma sheet
is so thin that fast flows are missed in observations. The
region of fast tailward flow successively expands duskward
and dawnward from the premidnight sector at ¥ ~ 2 R,
accompanied by duskward and dawnward flow components
of >~50 km/s, respectively; this corresponds to the
expansion of the plasmoid [leda et al., 1998; Slavin et al.,
1999]. The wide distribution of the fast tailward flows is in
remarkable contrast to the localization of the fast earthward
flows. The fast tailward flows are quenched after = 10 min.

[18] Figure 3 (right) shows the Z component of the
plasma flow V. toward the PS in the lobe and PSBL. In
general, V, is directed toward the PS in the entire tail
throughout the interval. At onset V, toward the PS begins
to enhance over a wide area of —7 > X > —30 Rz and —4 <
Y < 8 Rg and then enhances in the entire tail. In particular,
V. toward the PS is large in the premidnight sector at X <
—20 Rg. The enhancement at X ~ —10 R is associated with
the dipolarization, while that at X < —20 Rg is associated
with the progress of the magnetic reconnection and is seen
after the plasmoid passage [Taguchi et al., 1998; Slavin et
al., 1999; Miyashita et al., 2000].

[19] Figure 2 (middle) shows the deviation of the north-
south magnetic field, AB.(f) = B.(f) — B., in the PS, PSBL,
and lobe, where B. was defined as the average value over
the interval from ¢ = —11 to —7 min, calculated for each
event. Here the size of bins is reduced to 2 Ry X 2 Ry, for the
inner magnetospheric region that Polar and GOES cover.
For checking the timing of the changes in more detail,
Figure 4 (Figure 5) shows the time profiles of AB, in the
PS, PSBL, and lobe for the 4 R X 4 R (2 Rg X 2 Ry) bins
of =5>X> -31Rgand -5 < Y<9ORp(-45>X>
—10.5 R and —0.5 < Y < 6.5 Ry) shown in Figure 2. The
asymmetric Y range with respect to midnight is due to the
dawn-dusk asymmetry of the substorm-associated changes,
as shown in Figure 2 [see also Nagai et al., 1998; leda et
al., 1998].

[20] The negative AB. gradually grows in the entire tail
before onset, corresponding to the change to a more taillike
magnetic field. In particular, the relatively large negative
AB; appears in the premidnight sector at X ~ —5 to —20 Rg
and Y ~ 2 to 12 R before onset, as seen in Figure 2. This
implies that magnetic field lines become considerably
taillike and the cross-tail current is significantly intensified
there before onset, as suggested by Pulkkinen et al. [1999]
and Pulkkinen and Wiltberger [2000]. At onset the negative
AB. substantially grows, i.e., B. decreases in the premid-
night sector tailward of X ~ —20 Ry (Figure 2). (We
found that the elevation angle has a larger decrease
tailward of X ~ —20 Ry after onset than earthward of X ~
—20 Ry before onset.) From Figure 4 (right), the develop-
ment of the negative AB, already begins 2 min before onset
for X < —23 Rg. In some bins, this change seems to begin
4 min before onset. In this region the fast tailward flows are
seen, as shown in Figure 2 (left), so that the negative AB, is
associated with the plasmoid in the PS and the traveling
compression region (TCR) in the PSBL and the lobe.
Corresponding to the plasmoid expansion, the region of
the growing negative AB, expands both duskward and
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dawnward from Y ~ 2 Rz. The negative AB, is quenched
after = —10 min.

[21] On the other hand, simultaneously with the plasmoid
evolution, the positive AB. begins to grow, i.e., B. substan-
tially increases first at X ~ —7 to —10 Rz and ¥ ~ 4 R
2 min before onset in association with the dipolarization, as
seen in Figure 2 (middle), Figure 4 (left), and Figure 5. Note
that fast earthward flows do not appear in this region, as
shown in Figure 2 (left). The dipolarization region then
successively expands tailward, duskward, dawnward, and
earthward, which is consistent with the finding that the
auroral bulge and dipolarization regions are closely related
[Liou et al., 2002]. The dipolarization region reaches X ~
—17Rpatt~6min, Y~ 10 Rpatt ~ 2 min, ¥ ~ —5 Ry at
t ~ 2 min, and X ~ —5 Ry at t ~ 0 min. These correspond
to a tailward expansion speed of ~100 km/s, roughly
consistent with Jacquey et al. [1991], Ohtani et al. [1992],
and Baumjohann et al. [1999], duskward and dawnward
speeds of ~200 km/s [Nagai, 1982; Liou et al., 2002],
and an earthward speed of ~200 km/s [Ohtani, 1998]. It
should be noted that the location of the initial dipolarization is
clearly shown in the present study by combining the
Polar and GOES data taken earthward of the Geotail perigee
of ~9 Ry, while the Polar and GOES data were not included
in our previous studies.

[22] Figure 2 (right) shows the normalized deviation of
the total pressure AP,/P,(t = —11 to —7 min) in the PS,
PSBL, and lobe, where AP(f) = P(f) — P,(t = —11 to
—7 min). The total pressure is the sum of the ion thermal
and magnetic pressures (P, = NkT + B%/24,). Here the
contribution from high-energy particles beyond the instru-
mental range of Geotail LEP (>~40 keV/g), which was
neglected in our previous studies, was considered by
combining the Geotail LEP and EPIC-STICS data. The
contribution from electrons was neglected. Figure 6 shows
the time profiles of AP,/P; for the 4 Ry x 4 Ry bins in the
same format as Figure 4.

[23] Before and at t = —4 min, the positive AP,/P,
enhances, that is, the total pressure increases in the entire
tail. At = —2 min, however, the values of the positive AP/
P, become small in the premidnight sector at X ~ —16 to
—20 Rz and Y ~ 0 to 5 Ry, followed by the appearance and
growth of the negative AP,/P,, as shown in Figure 2 (right)
and Figure 6 (middle). Namely, it is confirmed that the total
pressure decrease occurs first in this region. This change
relates to the magnetic reconnection [Miyashita et al., 1999,
2000]. Subsequently the total pressure also decreases in the
surrounding regions, except the dipolarization region, at or
immediately after onset; the negative AP,/P, gradually
grows, that is, the total pressure decreases in the entire tail.

[24] In contrast, the total pressure generally increases,
rather than decreases, in the near-Earth region of X >
—10 Rz and —5 < Y < 8 Ry simultaneously with or a few
minutes after the beginning of the dipolarization, except for
the bin of X = —7 Rz and Y = 1 Rg (Figure 2, right and
middle, as well as Figure 4, left, and Figure 6, left). Outside
this region, particularly tailward of X ~ —10 R, the total
pressure decreases just before or after onset, i.e., before the
dipolarization region reaches there, as mentioned above;
when the dipolarization occurs, the total pressure continues
to decrease or begins to increase.
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Figure 4. Time profiles of the deviation of the north-south magnetic field AB. in the PS, PSBL, and
lobe for the 4 x 4 Ry bins of —5 > X > —31 Rz and —5 < Y < 9 Ry shown in Figure 2. The X and Y
locations indicated are the centers of the bins. Different colors of the lines correspond to different X
distances indicated at the top.
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[25] Then we further examined in detail the ion and
magnetic pressures in the plasma sheet. In X > —10 Rg
and —2 < Y < 6 Rp, the ion pressure increases in association
with the dipolarization, which mainly results from the
contribution of high-energy particles above 44 keV mea-
sured by Geotail EPIC-STICS, or energetic particle injec-
tion [see also Kistler et al., 1992]. The ion pressure from
low-energy particles below ~40 keV/g measured by Geotail
LEP decreases or increases. The magnetic pressure gener-
ally decreases in this region (not shown). The result of the
ion pressure is obviously different from those of Lui et al.
[1992], who reported that the ion pressure in the plasma
sheet decreases in association with the dipolarization. The
pressure change due to low-energy particles can be
explained by the results of Lyons et al. [2003]. They showed
that low-energy particle fluxes decrease in association with
the dipolarization, while high-energy particle fluxes increase;
the transition from decrease to increase occurs at an energy
between several and a few tens of keV, i.e., within the
instrumental range of LEP. Further details about pressure
changes associated with the dipolarization will be reported
in a separate paper.

[26] The initial total pressure decrease occurs at X ~ —16
to —20 Rg, but the absolute value of the total pressure
decrease is more significant closer to the Earth, as shown in
Figure 7 (right) for the total pressure deviation AP;. The
negative AP, grows larger in the premidnight sector at —10 >
X> =20 Ry, particularly at X ~ —12 to —18 Ry, than in the
surrounding regions. Namely, energy release is more sig-
nificant between the regions of the initial total pressure
decrease and the initial dipolarization.

[27] Furthermore, we examined the total pressure itself P;.
As clearly shown in Figure 7 (left), the total pressure
becomes larger on approaching the Earth. It enhances in
—10 > X > —18 Ry and 2 < Y < 8 Ry before onset in
particular. This indicates the presence of more intense cross-
tail currents, since the square root of the total pressure is
nearly proportional to the lobe magnetic field under taillike
condition. This region agrees with that of considerably
taillike magnetic field lines and the larger decrease in the
total pressure.

[28] We also examined the dawn-dusk electric field E),
calculated from the frozen-in relation E = —V x B using the
data of the ion velocity and the magnetic field. As shown in
Figure 8, E, is generally directed duskward in the entire tail
at t = —6 min and is large in the lobe and PSBL at (X, ¥) ~
(—17,3) Rz and in the PS, PSBL, and lobe at (X, Y) ~ (-8, 2)
Rg in particular. At # = —4 min E,, in the lobe and PSBL
enhances first at —8 > X > —18 Ry and then enhances
successively in the surrounding regions; it enhances at X <
—20 Rg just after onset. These variations in the lobe and
PSBL relate to enhancements of the plasma flow and the
Poynting flux toward the PS (see Miyashita et al. [2000,
2003], Machida et al. [2009], and Figure 3). Just after onset
E, in the PS enhances in the premidnight sector at X ~ —10
and —30 Ry, associated with the dipolarization and the

Figure 5. Time profiles of the deviation of the north-south
magnetic field AB. in the PS, PSBL, and lobe forthe 2 X 2 Rz
bins of —4.5 > X > —10.5 Rz and —0.5 < Y < 6.5 Ry
shown in Figure 2, in the format similar to Figure 4.
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Figure 7. Two-dimensional plots of the (left) total pressure P; and the (right) total pressure deviation
AP, in the PS, PSBL, and lobe in 4 x 4 Ry bins from # = —6 to 6 min.
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plasmoid, respectively; E, develops also in the PS at X ~
—16 to —20 Rp after onset, although some fluctuations are
seen.

[20] The distribution of the enhanced E, is evidently
different between the lobe and the PS; that is, the enhanced
E, is widely distributed in the lobe and PSBL, while it is
localized in the PS. This is because enhanced plasma flows
toward the PS are seen in a wide area of the lobe and PSBL
(Figure 3), while fast earthward flows in the PS are
localized. The dipolarization at X ~ —10 Ry also causes
the E, enhancement but does not seem to make a large
difference between the lobe and the PS.

[30] Here we also compared the deviation of E|, in the PS
calculated from the frozen-in relation with that directly
measured by the double probe of Geotail EFD and found
that they vary in a similar way (not shown here, but see
Miyashita et al. [2000, 2003]). Note that since 2 min
averaged values were used in the present study, it is possible
that rapid variations are averaged out even if the amplitude
is very large. Most of ions are probably unmagnetized under
rapid fluctuations or in the thin current sheet, that is, the
frozen-in condition is broken in the magnetic reconnection
[Runov et al., 2003; Asano et al., 2004] and dipolarization
regions [Lui, 1996; Lui et al., 1999], so that other terms of
the generalized Ohm’s law, such as the anomalous resistiv-
ity and Hall terms, may be important there [Lui et al., 2007].

[31] Figure 9 shows the root mean squares (RMS) of the
magnetic and electric fields in the PS, which are obtained
from the 16 and 32 Hz sampling raw data, respectively. In
the present study the root mean squares are used as
measures of fluctuations with a low-frequency range below
several Hz, although they can also become large even if the
DC fields change. It is noticed that the root mean squares of
both magnetic and electric fields become large in the
premidnight sector at X ~ —14 to —20 Ry just before and
after onset. They also develop at X ~ —10 and —30 Ry just
after onset in relation to the dipolarization and the plasmoid,
respectively. The details of these fluctuations should be
investigated in the future.

4. Summary and Discussion

[32] We have performed the superposed epoch analyses
of the substorm-associated evolution of the magnetotail and
the inner magnetosphere, using the Geotail, Polar, and GOES
data. Significant results are summarized in Figure 10 and as
follows: The north-south magnetic field begins to decrease 2
or possibly 4 min before onset tailward of X ~ —20 R,
associated with plasmoids and TCRs. Fast tailward flows
substantially develop just after onset there. At X> —20 R, a
few fast earthward flows are seen around onset and seem to
reach only X ~ —12 Rg; plasma flows in the near-Earth
region of X > —12 Rz and Y > —4 Ry are slow and largely
deflect duskward. Almost simultaneously with the plasmoid
formation and evolution, the north-south magnetic field
begins to increase first at X ~ —7 to —10 Rz 2 min before
onset in conjunction with the dipolarization. This location is
at or just earthward of the Geotail perigee of ~9 Ry and
tailward of geosynchronous orbit. Then the dipolarization
region successively expands tailward as well as duskward,
dawnward, and earthward. The total pressure begins to
decrease first in the premidnight tail at X ~ —16 to —20 R
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2 min before onset and then decreases in the surrounding
regions successively, whereas it generally increases in the
near-Earth region at X > —10 Rg in association with the
dipolarization, with the contribution of high-energy par-
ticles. The absolute value of the total pressure decrease is
larger between the regions of the initial total pressure
decrease and the initial dipolarization. The electric and
magnetic field fluctuations appear at X ~ —14 to —20 Rg
just before onset. The location of the initial total pressure
decrease as well as the electric and magnetic field fluctua-
tions corresponds to the tailward edge of a region of
considerably taillike magnetic field lines and intense
cross-tail current, which extends from X ~ —5 to —20 Ry
in the premidnight sector.

[33] The particularly important, new findings of the
present study are the initial location of the dipolarization
region, the increase in the total pressure in association with
the dipolarization, and the considerable decrease in the total
pressure at —12 > X > —18 Ry The former two were
obtained by combining the magnetic field data measured by
Polar and GOES between the Geotail perigee and geosyn-
chronous orbit and by considering the contribution of high-
energy particles to the plasma pressure.

[34] The observational results suggest that the magnetic
reconnection first occurs in the premidnight tail, on average,
at X ~ —16 to —20 Ry at least 2 min before onset. The
further significant growth of the negative AB, due to the
plasmoid is seen tailward of X ~ —20 R in the premidnight
tail, which begins 2 or possibly 4 min before onset (Figure 2).
The initial total pressure decrease at X ~ —16 to —20 Ry
2 min before onset is interpreted as a result of the magnetic
reconnection. The magnetic reconnection site is located near
the tailward edge of a region of considerably taillike
magnetic field lines and intense cross-tail current, which
extends from X ~ —5 to —20 R in the premidnight sector.
Then the plasmoid substantially evolves tailward of X ~
—20 Ry immediately after onset. Almost simultaneously
with the magnetic reconnection (with 2-min resolution), the
dipolarization begins first at X ~ —7 to —10 Rz 2 min
before onset. The dipolarization region then expands tail-
ward as well as in the dawn-dusk directions and earthward.

[35] There is no doubt that both of the magnetic recon-
nection and the dipolarization occur at different distances
within a few minutes of the substorm expansion onset and
play an important role in the change of the magnetotail
structure, i.e., the plasmoid formation and the change from
taillike to dipole-like configuration. Figure 11 shows two
individual cases in which the plasmoid and the dipolariza-
tion were observed by Geotail in the midtail and by GOES 9
in the near-Earth tail, respectively, at the same time of the
substorm onsets or the auroral breakups. (For the 25
February 1997 event, a slight increase of B, observed by
GOES 9 ~3 min before the substorm onset probably
correspond to a pseudobreakup at ~0935 UT; B, began to
further increase at the substorm onset.) These events, as
well as those shown by Slavin et al. [2002], indicate that
both of the magnetic reconnection and the dipolarization do
occur, and the resultant plasmoid and the dipolarization can
be observed almost simultaneously at substorm onsets,
consistent with the present statistical results. We should
note that the initial magnetic reconnection and the initial
dipolarization should have occurred a few minutes before
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Figure 10. Summary of the statistical results. It is not exactly scaled.

the observations, since it is necessary to consider the
propagation times due to the earthward and tailward flows
generated by the magnetic reconnection, the rarefaction
wave generated by the dipolarization, the plasmoid expan-
sion in the Y direction, and the radial and azimuthal
expansion of the dipolarization region. Better events should
be obtained from more spacecraft, such as THEMIS, to
investigate more detailed timing.

[36] A crucial issue is the causal relationship between the
two processes. As a scenario in which one causes the other,
for example, Shiokawa et al. [1997, 1998] proposed that the
braking of fast earthward flows generated by the magnetic
reconnection causes the dipolarization in the near-Earth tail.
However, the behavior of the earthward flow is still unclear
from the present statistical results. Fast earthward flows do
not appear significantly around onset, probably due to their
localization in the Y and Z directions in contrast to fast
tailward flows, although the pairs of the fast earthward flow
and the fast tailward flow/plasmoid were observed in some
cases [Petrukovich et al., 1998; Slavin et al., 2002,
Angelopoulos et al., 2008]. Fast earthward flows seem to
reach only X ~ —12 Ry, not X ~ —8 Ry where the initial
dipolarization takes place, which is consistent with the
statistical result of Shiokawa et al. [1997]. Ohtani et al.
[2006] and Takada et al. [2006] showed similar results,
although nonsubstorm events may be included in their
events. Also, according to the present results, E, or the
magnetic flux transport in the PS does not seem to be
continuous between X ~ —10 and —15 Ry (Figure 8), in
contrast to the result of Schédel et al. [2001], although
nonsubstorm times may be included in their analysis. Thus
it should be clarified whether or not the braking of the fast
earthward flow directly causes the near-Earth dipolarization
and, if not, whether or not some types of wave generated by
the magnetic reconnection triggers the dipolarization.

[37] Pu et al. [1999, 2001] proposed another model that
relates the fast flow and the current disruption (also dis-
cussed by Zhang et al. [2007] and Cao et al. [2008]). When
a fast earthward flow generated by the magnetic reconnec-
tion in the midtail or other processes is braked, plasmas are
compressed and pushed earthward. This can result in a rapid

growth of the ballooning instability in the near-Earth region.
Flow shear or a duskward flow can also set up a favorable
condition for the ballooning instability. Saifo et al. [2008]
showed that ballooning mode waves occur at the high-3
magnetic equator of the near-Earth tail a few minutes before
dipolarization in the presence of the duskward flow. It
should be further studied, however, how the ballooning
mode waves are generated and relate to the onsets of the
dipolarization and the substorm expansion.

[38] In contrast, Lui [1991] proposed that the tailward-
propagating rarefaction wave, generated by the pressure
reduction associated with the current disruption/dipolarization,
causes the plasma sheet thinning and the B, weakening, or
more taillike magnetic fields, leading to the magnetic
reconnection in the midtail. At present, however, there
seems to be no solid evidence to support this scenario.
For discussion about the possibility, it is very important to
clarify the duration of the rarefaction wave and the neces-
sary growth time of an instability resulting in the magnetic
reconnection. The thin plasma/current sheet and a very
small B, for some duration are required for efficient trig-
gering of the magnetic reconnection.

[39] If one process causes the other, as the above scenar-
ios, the signal of fast flow or wave should have a speed of
more than 300 to 700 km/s (600 to 1400 km/s) to
propagate between —16 > X > —20 Rz and —7 > X >
—10 Rg within 2 (1) min. This speed is rather high.
Machida et al. [2009] proposed a somewhat different
scenario called a ‘‘catapult (slingshot) current sheet
relaxation model”: Magnetic field lines are highly taillike
between the regions of the magnetic reconnection and the
initial dipolarization. When the cross-tail current in
the current sheet of this midway region is strengthened
by the enhancement of the Poynting flux toward the
magnetic equator, magnetic flux tubes slip earthward
due to the domination of the earthward J x B force
over the tailward pressure gradient force. The earthward
flow generated by this process triggers the current disruption/
dipolarization in the near-Earth region. At the same time, the
earthward convection of the catapult current sheet produces
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the thin current sheet at its tailward edge at X ~ —20 R,
leading to the magnetic reconnection.

[40] We found that energy release is more significant
between the regions of the magnetic reconnection and the
initial dipolarization, which may be a key to the under-
standing of the causal relationship between the two pro-
cesses and the substorm triggering mechanism. Possible
explanations for the energy release are as follows: The
region of the significant energy release is located near the
earthward edge of a region of fast earthward flows, or
probably the flow braking region. The low-frequency mag-
netic and electric field fluctuations are seen at X ~ —14 to
—20 Ry around onset. Hence the fast flow is coupled with
the Alfvén wave to convert the plasma energy into the wave
energy, leading to acceleration and heating of electrons
[Angelopoulos et al., 2002]. Meanwhile, the total pressure
enhances in the initial dipolarization region. While a large
portion of the energy for this near-Earth process can be
transported by the Poynting flux from the lobe [Miyashita et
al., 2001], some portion may be transported from the region
of the significant energy release. It is an open question,
however, whether the carrier is the plasma flow or some
types of wave, i.e., how the energy is released, transported,
and spent.

[41] The low-frequency magnetic and electric field fluc-
tuations as well as the dawn-to-dusk electric field become
large around onset at X ~ —14 to —20 Rz and X ~ —10 Ry,
probably associated with the magnetic reconnection and the
dipolarization, respectively. What types of wave and insta-
bility are related to these fluctuations should be investigated
for the understanding of triggering mechanisms and physics
of the two processes.

[42] It is likely that the magnetic reconnection is a
necessary condition for the development of initial actions
into a large-scale substorm [see also leda et al., 2008], but
not a sufficient condition. Plasmoids with fast tailward
flows can be observed even during pseudosubstorms [e.g.,
Aikio et al., 1999; leda et al., 2001; Ohtani et al., 2002].
Pseudosubstorms are quite similar to substorms, probably
caused by the same physical process, but are generally
weaker, more localized, and more short-lived than sub-
storms, without subsequent large-scale development. Even
if the magnetic reconnection proceeds to open magnetic
field lines of the lobes, auroral activity does not necessarily
develop significantly [leda et al., 2001; Ohtani et al., 2002].
Fast earthward flows are also observed during pseudosub-
storms [e.g., Nakamura et al., 2001; Ohtani et al., 2002]. It
is possible that their development is suppressed by some
mechanism, or magnetospheric or ionospheric conditions
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are not favorable for full-scale development [Kamide,
2005]. Ohtani et al. [1999] suggested that the current
disruption or dipolarization can play a crucial role in the
development of substorms. Ionospheric conditions may also
be important for the substorm development. Further detailed
studies are needed for understanding magnetospheric and
ionospheric conditions for the onset and development of
substorms as well as the causality of the magnetic recon-
nection and the current disruption.

[43] The present analyses showed that the magnetic
reconnection site, or the “near-Earth neutral line”, at sub-
storm expansion onset is located at X ~ —16 to —20 Rz on
average. The location in individual cases, however, varies
depending on the substorm intensity: it tends to be located
closer to the Earth in more intense substorms [Miyashita et
al., 2004]. In rare cases, the magnetic reconnection can
occur at X ~ —13 Rg [Baker et al., 1996], and even
earthward of X ~ —8 Ry or R ~ 12 Ry [Miyashita et al.,
2005b] and R ~ 9 Ry [Miyashita et al., 2005a].

[44] From the viewpoint of the magnetotail structure, the
magnetic reconnection appears to occur near the tailward
edge of the thin current sheet or the transition from dipole-
like to taillike field, which may extend from the near-Earth
region to X ~ —20 Ry A region of considerably taillike
magnetic field lines extends from X ~ —5 to —20 Rg, as
shown in Figure 2 (middle). The radial gradient of B,
becomes very small at X ~ —15 to —18 Ry [Miyashita et
al., 2003]. Miyashita et al. [2004] also showed the same
results for intense and weak substorms. These results are
consistent with those of Asano et al. [2004], who proposed
that the magnetic reconnection occurs near the tailward edge
of the thin current sheet. Here, for understanding of the
substorm triggering, we think it very important to consider
the differences in the current sheet structure as well as the
characteristics of plasma flows, such as width, between the
earthward and tailward sides of the magnetic reconnection
region, as Miyashita et al. [2003] also discussed.

[45] It is extremely important to understand what controls
the triggering and location of the near-Earth magnetic
reconnection. Magnetic field lines become more taillike
during energy accumulation in the magnetotail in the sub-
storm growth phase, resulting in favorable configuration for
the magnetic reconnection and earthward movement of the
transition region. However, some substorms seem to occur
even in the course of energy accumulation, while some
other substorms do not seem to be triggered effectively in
spite of continuous energy accumulation. It is possible that
conditions other than the amount of stored energy in the
magnetotail are necessary for the substorm initiation. For

Figure 11.

From top to bottom are the GSM X component of the ion flow V,, the north-south magnetic field B., the total

(top line, P,) and ion (bottom line, P;) pressures, and the ion 3 from Geotail, and B, from GOES 9 for two substorm events
that occurred (top event) at 1041:35 UT +37 s on 14 February 1997 and (bottom event) at 0941:44 UT =18 s
on 25 February 1997. The substorm onset times were determined from the Polar UVI data and indicated by the vertical
lines. The initial auroral brightenings occurred at ~67° AACGM latitude and ~23 hr MLT for both substorms. For the
25 February 1997 event, a pseudobreakup occurred at ~68° latitude and ~0 hr MLT at 0934:59 UT +18 s before the
substorm onset. The time resolutions of the ion moments from Geotail LEP, B, from Geotail MGF, and B, from GOES 9
are 12 s, 3 s, and 1 min, respectively. The ion pressure shown was calculated only from the LEP data. The solid triangles at
the bottom indicate the times when Geotail and GOES 9 began to observe the plasmoid in the midtail and the dipolarization
in the near-Earth tail, respectively, associated with the substorm onsets. The start of the plasmoid is identified by the total

pressure enhancement [cf. leda et al., 1998].
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example, the interaction between the distant and near-Earth
reconnection sites may be important [Russell, 2000]. Nagai
et al. [2005] proposed that the near-Earth magnetic recon-
nection site is controlled by the solar wind electric field or
the efficiency of the solar wind energy input. Further studies
are necessary for the role of external and internal conditions
for the substorm triggering.

[46] The difference between the first and following onsets
of multiple substorm events is an interesting issue. In the
present study we did not distinguish between the first and
following onsets, that is, we selected not only the first onset
but also the second and third (if any) onsets in the case of a
multiple onset event. In contrast, Machida et al. [1999] and
Miyashita et al. [1999, 2000] selected only the first onsets.
The auroral breakups from IMAGE FUV used in the present
study are also the first onsets; using only them, we have
performed the superposed epoch analysis. From these
analyses, we obtained almost the same statistical features
that obtained in the present study. In fact, both plasmoid and
dipolarization occur for each onset of multiple events [e.g.,
leda et al., 2001; Slavin et al., 2002]. We infer from these
results that magnetotail variations phenomenologically do
not differ between the first and following onsets. It is,
however, important to examine in detail the quantitative
difference, since the precondition, i.e., whether or not the
effect of the previous substorm still remains, is different. It
is also interesting to compare multiple substorms with
isolated substorms.

[47] In conclusion, as discussed above, the causal rela-
tionship between the magnetic reconnection and the dipola-
rization as well as detailed mechanisms of each of the two
processes still remains a crucial issue concerning the sub-
storm triggering. However, the present statistical results
provide a state-of-the-art framework of magnetotail evolu-
tion associated with substorm expansion onset. The frame-
work will be helpful as a reference guide to developing the
overall picture of magnetotail evolution and studying the
detailed mechanisms of the substorm triggering on the basis
of multispacecraft observations with a higher time resolu-
tion, such as the THEMIS mission.
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