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[1] Using Geotail plasma and magnetic field data, we have statistically studied the
difference in substorm-associated magnetotail variations between intense and weak
substorms. It was found that for intense substorms the plasmoid-related southward
magnetic field and the first decrease in the total pressure occur closer to the Earth. This
finding indicates that the magnetic reconnection site at expansion onset is located closer to
the Earth in intense substorms, which is consistent with the dependence of the onset
latitude in the ionosphere on the substorm intensity. Also, magnetic field lines during the
growth phase especially earthward of the magnetic reconnection site are more stretched in
intense substorms than in weak substorms. The dipolarization at X � �10 RE is more
significant in intense substorms. Furthermore, the Poynting flux in the lobe toward the
plasma sheet and the total pressure during the growth and expansion phases are larger at
X � �10 RE than at larger distances, and they are larger in intense substorms than in weak
substorms. The enhancement of the Poynting flux and the decrease in the total pressure
associated with expansion onset are also more pronounced at X � �10 RE in intense
substorms. These results suggest that more energy is accumulated and subsequently
dissipated in the near-Earth magnetotail at X � �10 RE during intense
substorms. INDEX TERMS: 2788 Magnetospheric Physics: Storms and substorms; 2744 Magnetospheric

Physics: Magnetotail; 2740 Magnetospheric Physics: Magnetospheric configuration and dynamics; 7835
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1. Introduction

[2] One of the main unsolved issues in magnetospheric
physics is the triggering mechanism of the expansion onset
of substorms. A number of working models have been put
forward, among which the near-Earth neutral line (NENL)
model [e.g., Hones, 1976; Baker et al., 1996] and the
current disruption (CD) model [e.g., Lui, 1996] are thought
to be the principal candidates. In the CD model, it is
proposed that some instability [e.g., Roux et al., 1991; Lui
et al., 1990] causes current disruption at X � �10 RE,
leading to the so-called dipolarization and the current
wedge formation. The region of current disruption expands
tailward in the course of a substorm. On the other hand, the

NENL model assumes that the magnetic reconnection
occurs in the region of �20 > X > �30 RE, producing the
tailward moving plasmoid and the earthward bursty bulk
flow. They transport magnetic flux, mass, and energy at a
high speed.
[3] Extensive statistical studies have obtained an average

picture for the magnetotail variations associated with
expansion onset of substorms [e.g., Baumjohann et al.,
1991, 1999; Nagai et al., 1998; Lui et al., 1998; Machida
et al., 1999; Miyashita et al., 2000, 2003b]. This picture
helps us to understand which process triggers the expansion
onset. Most of these studies indicated that the magnetic
reconnection plays an important and critical role in the
substorm triggering. In particular, examining substorm-
associated evolution of the three-dimensional structure of
the magnetotail, Miyashita et al. [2000, 2003b] revealed
that the magnetic reconnection first occurs in the premid-
night tail at X � �20 RE a few minutes before expansion
onset, and then the dipolarization occurs at X � �10 RE

immediately after expansion onset, simultaneously with
substantial evolution of the plasmoid at X � �30 RE.
[4] Another important, but less focused, problem in sub-

storm research is what determines the intensity of sub-
storms. One of the reasons for the importance is that
understanding what determines the substorm intensity will
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lead to providing crucial controlling factors for triggering
and subsequent development of substorms [Lui, 1993].
Except for a few studies [e.g., Kokubun and McPherron,
1981; Lopez and von Rosenvinge, 1993; Yamaguchi et al.,
2004], most previous studies of magnetotail variations in
substorms have not systematically paid much attention to
the substorm intensity. In fact, the previous statistical
studies of magnetotail variations mentioned above did not
consider different levels of the substorm intensity, although
they obtained the average picture.
[5] The substorm intensity has different levels from less

than 105 A to more than 106 A in terms of the total current
intensity of the auroral electrojet [Kamide and Akasofu,
1974]. The energy dissipated as Joule heating in the
ionosphere differs by an order of magnitude between
weak and intense substorms. The latitude of expansion
onset in the ionosphere varies rather systematically with
the substorm intensity from >70� to <65�, i.e., more intense
substorms take place at lower latitudes [Kamide and
Akasofu, 1974]. Thus, corresponding to the wide variability
of the dissipated energy and the onset latitude in the
ionosphere, a similar variability can be expected to exist
in the magnetospheric dynamics associated with substorms
as well. For example, the locations of the magnetic recon-
nection and the dipolarization in the magnetotail, which are
related to substorm expansion onsets, would depend on the
substorm intensity [Kamide, 2001].
[6] In the present study, we have statistically examined

the difference in magnetotail variations and the onset
location between intense and weak substorms. For this
purpose we used Geotail data extensively. Superposed
epoch analyses similar to Miyashita et al. [2003b] were
performed on the basis of their substorm events.

2. Data and Procedures

[7] We utilized a total of 397 substorm events that
occurred during the period from March 1996 to December
1999, which were already chosen by Miyashita et al.
[2003b]. These events were identified from Polar UVI data
[Torr et al., 1995] according to auroral breakups [cf. Liou et
al., 1999, 2000]. The substorm expansion onsets (t = 0)
were determined with an uncertainty of less than 2 min in
timing. In the case of a multiple onset event, we selected not
only the first onset but also the second and third (if any)
onsets. The events occurred when Geotail was located in the
magnetotail region of �5 � X � �31 RE and jY j � 15 RE in
GSM coordinates.
[8] We classified the 397 substorm events into two

groups: intense and weak substorms. How to monitor the
substorm intensity is another issue. McPherron and Baker
[1993] and Lui [1993] evaluated various ionospheric and
magnetospheric parameters, such as the auroral electrojet
indices, the total current in the westward auroral electrojet,
the latitude of initial brightening, the amount of precipitat-
ing particles, the area of bright auroras, the maximum
poleward advance of the auroral bulge, and the duration
of auroral activities. In the present study, we adopted the
magnitude of positive bays at low and middle latitudes
as a measure of the substorm intensity. It was shown that
these bays represent an integrated effect of all the current
elements in the current wedge including the westward

auroral electrojet [Kamide et al., 1974], thus overcoming
the insufficient ability of the AE indices due to the lack of
full coverage of the standard AE stations.
[9] For each event, we picked the largest substorm-

associated deviation of the north-south (H ) component at
ground stations which were located at 5�–55� in magnetic
latitude and at 19–5 hours in magnetic local time. The
locations of 58 ground stations used in the present study
are shown in Figure 1. Here, since the magnitude of the
positive bay depends on the latitude, i.e., the magnitude at
midlatitudes is larger than that at low latitudes by a factor
of �2–3, the deviations were normalized to equatorial
values, using the electrojet model 3 of Kamide [1970].
Consequently the numbers of intense and weak substorm
events are 195 and 202, respectively, where we chose the
normalized magnitude of 5.4 nT as the threshold value
separating the two groups, making the sample numbers
nearly equal. We also performed the same analyses of
magnetotail variations, adopting the magnitude of the west-
ward electrojet at high latitudes as a measure of the sub-
storm intensity. However, the magnitudes of the westward
electrojet and the positive bay were statistically correlated,
thus obtaining basically the same results (not shown here).
[10] Then we statistically obtained the difference in

magnetotail variations associated with substorm expansion
onset between the two groups, using ion moments and
magnetic field data from the Geotail spacecraft. The ion
moments such as the number density, the temperature, and
the velocity were obtained from the low-energy particle
experiment (LEP) [Mukai et al., 1994] and were calculated
from the ions with the energy-per-charge range from a few
tens of eV/q to �40 keV/q under the assumption that all
ions are protons. The magnetic field was measured by the
fluxgate magnetometer of the magnetic field experiment
(MGF) [Kokubun et al., 1994]. The time resolution of these
data is 12 s, which corresponds to a four-spin period.

3. Superposed Epoch Analyses

[11] Using the Geotail data, we performed superposed
epoch analyses for various parameters such as the
plasma flow, the north-south magnetic field, the dawn-dusk
electric field, the total pressure, and the mass and energy
fluxes. These parameters are fundamental to understanding
the magnetotail dynamics and the mass and energy transport,

Figure 1. The locations of 58 ground stations whose
geomagnetic data were used in the present study. The
geomagnetic latitudes of the stations cover the range from
5� to 55�.

A11205 MIYASHITA ET AL.: TAIL VARIATIONS DURING INTENSE AND WEAK SUBSTORMS

2 of 11

A11205



but we show only the results of the plasma flow, the
north-south magnetic field, the total pressure, and the
energy fluxes in the present paper. The data were averaged
in 2 min intervals from 11 min before expansion onset to
11 min after expansion onset for each substorm. The
classification of the data into the plasma sheet (PS), the
plasma sheet boundary layer (PSBL), and the lobe was
based on the definition adopted by Miyashita et al.
[2000]: the boundary value of the ion b (=NkT/(B2/2m0))
between the PS and the PSBL, b1, was defined as b1 = 1 at
X � �15 RE, and log10b1 = �0.14X � 2.1 at X > �15 RE ,
and that between the PSBL and the lobe, b2, was defined
as b2 = 0.05 at X � �15 RE, and log10 b2 = �0.14X � 3.4
at X > �15 RE, that is, b � b1 for the PS, b2 � b < b1
for the PSBL, and b < b2 for the lobe.

3.1. Plasma Flow

[12] Figure 2 shows variations in the plasma (ion) flows
at different Geotail locations in the PS and PSBL from
6 min before onset (t = �6 min) to 6 min after onset (t =
6 min) for intense and weak substorms separately. The data
of the PSBL are included in the plots, since the PSBL may
have characteristics of both the PS and the lobe according to
our definition. All flow vectors are plotted even if they are
small. Figure 3 shows a sequential plot of the X-directional
profile of the X component of the plasma flow (Vx) in the PS
and PSBL of X � �5 RE and �3 � Y � 12 RE. The
asymmetric Y range with respect to the midnight is due to
the dawn-dusk asymmetry of the substorm-associated var-
iations, as shown in the two-dimensional plots of Figures 2
and 4 [see also, e.g., Nagai et al., 1998; Ieda et al., 1998].
[13] As shown in Figure 2, for both intense and weak

substorms, there are some fast earthward and tailward flows
at a speed of >300 km/s before onset (t � �2 ± 1 min).
Since the substorm onsets selected in this study include both
the first and second onsets, some flows before onset are
likely associated with previous auroral breakups or pseudo-
breakups. Note also that some earthward flows may come
from the distant tail.
[14] It is seen that at onset, fast tailward flows begin to

grow significantly in the premidnight sector of �22 > X >
�30 RE in conjunction with the formation and evolution of
the plasmoid. This location is not very different between the
two groups, probably because the very thin plasma sheet
extends to X � �22 RE for both intense and weak sub-
storms. On the other hand, only a few earthward flows
appear immediately after onset in �15 > X > �30 RE as well
as at X � �10 RE, probably due to the very thin plasma
sheet and the localization of the flows in the Y direction.
[15] Comparing the plasma flows for intense and weak

substorms, the location and timing of the first development
of the fast flows do not differ very much between the two
groups. While a clear difference in the speed of the
earthward flow cannot be identified, the tailward flow for
intense substorms seems to be somewhat faster than that for
weak substorms: Figure 3. This is not, however, conclusive;
note that very fast tailward flows associated with the
plasmoid can be observed even during weak auroral activ-
ities [Ieda et al., 2001; Ohtani et al., 2002a]. This is also the
case with the earthward flow, although these events reported
by Ohtani et al. [2002a, 2002b] are not fully developed
substorms.

[16] The Z component of the plasma flow (Vz) in the lobe
and the PSBL is directed toward the PS before onset (not
shown). It is enhanced in the entire tail after onset, associ-
ated with the plasmoid passage in the midtail region and
the dipolarization at X � �10 RE. The enhancement at X �
�10 RE is more pronounced in intense substorms than in

Figure 2. Variations in the plasma (ion) flows projected on
the GSM X-Y plane in the plasma sheet (PS) and the plasma
sheet boundary layer (PSBL) from t = �6 min to t = 6 min
for (left) intense and (right) weak substorms. The times
shown are for the centers of averaging intervals. The
earthward (Vx > 0) and tailward (Vx < 0) flow vectors are
plotted in red and blue, respectively. The scale of the vectors
is indicated at the top.
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weak substorms, while it does not differ very much in the
midtail region between the two groups.

3.2. North-South Magnetic Field

[17] Figure 4 shows the deviations of the north-south
magnetic field, DBz(t) = Bz(t) � Bz(t = �11 � �7 min), in
the PS, PSBL, and lobe, where Bz was defined as the
average value over the interval from t = �11 min to t =
�7 min, calculated for each event. Only the data satisfying
Bz � DBz > 0 are plotted in an attempt to exclude such
variations as the magnetic field line stretching during the
growth phase and to pick only the changes associated with

substorm onset, such as the plasmoid/the traveling com-
pression region (TCR) (growing southward Bz) and the
dipolarization (growing northward Bz). Note that Bz is
negative (positive) in the case of the negative (positive)
DBz. Figure 5 shows a sequential plot of the X-directional

Figure 3. Sequential plot of the X-directional profile of the
X component of the plasma flow (Vx) for (left) intense and
(right) weak substorms. The dots indicate the 2-min values
of Vx in the PS and PSBL of X��5 RE and�3� Y� 12 RE.
The thick lines and the error bars indicate the averages and
the standard deviations, respectively, in 4 RE bins in X.

Figure 4. Variations in the deviations of the north-south
magnetic field, i.e., DBz(t) = Bz(t) � Bz(t = �11 � �7 min),
in the PS, PSBL, and lobe, where Bz was defined as the
average value over the interval from t = �11 min to t =
�7 min, calculated for each event. Only the data satisfying
Bz � DBz > 0 are plotted. The positive and negative DBz, i.e.,
northward and southward increases, are shown by red and
blue circles, respectively, whose radii are proportional to the
magnitude as indicated at the top.
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profile of DBz satisfying Bz � DBz > 0 in the PS, PSBL, and
lobe of X � �5 RE and �3 � Y � 12 RE.
[18] It is noticeable from Figures 4 and 5 that at onset

more negative DBz begins to appear and subsequently grow,
i.e., Bz begins to become more southward in the premidnight
sector of the midtail region, corresponding to the plasmoid
in the PS or the TCR in the PSBL and the lobe. Most of the
negative DBz events are located tailward of X � �17 RE for
intense substorms, and tailward of X � �23 RE for weak
substorms. Also, the magnitude of the negative DBz seems
to be slightly larger for intense substorms.
[19] On the other hand, simultaneously with the plasmoid

evolution, the positive DBz begins to increase, i.e., the

northward Bz increases at X � �10 RE after t � 0 in
association with the dipolarization. The development of the
positive DBz is more pronounced for intense substorms, in
agreement with what the previous studies showed [Kokubun
and McPherron, 1981; Lui et al., 1992; Lopez and von
Rosenvinge, 1993]. It seems likely that the positive DBz is
distributed to larger distances, i.e., the tailward boundary of
the dipolarization region is located at larger distances for
weak substorms. On the other hand, the location of the
earthward boundary of the positive DBz region or the
dipolarization region does not appear to differ between
the two groups. However, this is by no means definite since
Geotail does not cover the region near geosynchronous orbit
due to its perigee of �9 RE.
[20] We also examined Bz itself, as shown in Figure 6.

Before onset Bz is �10 nT at X � �10 RE and rapidly
decreases with increasing distance from the Earth for both
groups. It becomes almost constant tailward of X � �17 RE

and X � �22 RE for intense and weak substorms, respec-
tively, implying that the magnetic field line is more
stretched during intense substorms. The northward Bz tends
to develop more significantly during intense substorms,
associated with the dipolarization at X � �10 RE, while
the negative Bz in the midtail region does not differ
appreciably between the two groups.

3.3. Total Pressure

[21] We examined the normalized deviations of the total
pressure, DPt/Pt(t = �11 � �7 min), in the PS, PSBL, and
lobe regions, where DPt(t) = Pt(t) � Pt(t = �11 � �7 min).
The total pressure is the sum of the ion and magnetic
pressures, Pt = NkT + B2/2m0, where the contribution from
electrons was neglected as well as that from high-energy
particles beyond the instrumental range of Geotail LEP
(>�40 keV/q). Here the results of the superposed epoch
analysis in 4 RE bins in X are shown in Figure 7, instead of
the two-dimensional plots such as Figure 4. The Y range is
�3 � Y � 12 RE because of the dawn-dusk asymmetry of
the magnetotail variations. Figure 8 shows a sequential plot
of the X-directional profile of DPt/Pt in the same format as
Figure 3.
[22] At t � �4 min, DPt/Pt is enhanced, i.e., the total

pressure increases in the entire tail. The enhancement is
more pronounced for more intense substorms. From t =
�2 to 0 min, the total pressure begins to decrease first
between X = �10 to �18 RE for intense substorms, and
between X = �14 to �26 RE for weak substorms; the
location of the first total pressure decrease tends to be closer
to the Earth for intense substorms. Then, a total pressure
decrease occurs in the surrounding regions successively.
This total pressure decrease in these midtail regions relates
to the magnetic reconnection [e.g., Miyashita et al., 1999,
2000]. The total pressure also decreases at X � �10 RE

during the dipolarization, as shown by Lyons et al. [2003],
although there are a few cases in which the total pressure
continues to increase or decrease throughout the interval in
this region. From Figure 7 the amount of the decrease in
DPt/Pt is slightly larger in the entire tail for intense sub-
storms than for weak substorms, which is consistent with
the results of Miyashita et al. [2003a].
[23] Figure 9 shows a sequential plot of the X-directional

profile of the total pressure itself (Pt). It is clearly seen that

Figure 5. Sequential plot of the X-directional profile of the
deviation of the north-south magnetic field (DBz) satisfying
Bz � DBz > 0 in the PS, PSBL, and lobe of X � �5 RE and
�3 � Y � 12 RE in the same format as Figure 3.
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the total pressure becomes larger on approaching the Earth.
Comparing the total pressure for intense and weak sub-
storms, the total pressure earthward of X � �20 RE is larger
throughout the interval for intense substorms than for weak
substorms by a factor of �1–2, while the total pressure
tailward of X � �20 RE does not differ very much between
the two groups. From the results of DPt/Pt and Pt, the
substorm-associated decrease in the total pressure itself is
larger at X � �10 RE than in the midtail region, and it is
larger in intense substorms than in weak substorms. These
results are consistent with Yamaguchi et al. [2004].

3.4. Energy Fluxes

[24] We also examined the energy fluxes: the Poynting
(electromagnetic) flux (E � B/m0), the kinetic (bulk) energy

flux (rV2V/2), and the thermal (enthalpy) flux (5PV/2). As
shown by Machida et al. [2000] and Miyashita et al. [2001,
2003b], energy is provided from the lobe to the PS in the
form of the Poynting flux, transported both tailward and
earthward in the PS mainly in the form of the thermal flux.
Hence we show here only the Z component of the Poynting
flux in the lobe and PSBL and the thermal flux in the PS
and PSBL.
[25] Figure 10 shows a sequential plot of the Z compo-

nent of the Poynting flux in the lobe and PSBL. This results
from the net transport distinct from the Poynting flux
associated with electromagnetic waves. When we calculated
the Poynting flux, we referred to the electric field calculated
from the ion velocity and the magnetic field according to the
frozen-in condition E = �V � B, because the Z component
of the electric field was not directly measured by the double
probe of the electric field detector (EFD) onboard Geotail
[Tsuruda et al., 1994]. In addition to the difficulty in
measuring the electric field in the tenuous lobe by the probe
technique, the X and Y components can include offsets
due to the photoelectrons emitted from the spacecraft in
sunlight, such that special care is required to subtract the
offsets properly.
[26] It is evident that the Poynting flux toward the PS is

several times larger at X � �10 RE than at larger distances,
because of the larger magnetic field at X � �10 RE. The
flux is particularly larger at X � �10 RE for intense
substorms than for weak substorms, while it is not different
very much at larger distances in the two groups. At
expansion onset, the Poynting flux toward the PS starts to
increase in the entire tail, especially at X � �10 RE, in
conjunction with the plasmoid passage at�20 > X >�30 RE

and the dipolarization at X � �10 RE. The enhancement at
X � �10 RE is more pronounced in intense substorms than
in weak substorms, but that at larger distances does not
differ between the two groups. Similar enhancements
are seen in the plasma flow toward the PS and the dawn-
dusk electric field in the lobe and the PSBL, reflecting the
frozen-in condition.
[27] Figure 11 shows a sequential plot of the X compo-

nent of the thermal flux in the PS and PSBL, where we
assumed isotropic and adiabatic plasmas. We considered the
contribution only from ions, neglecting that from electrons
as well as from high-energy particles beyond the instru-
mental range of Geotail LEP (>�40 keV/q). After expan-
sion onset, tailward thermal fluxes develop significantly in
the premidnight sector of �25 > X > �30 RE, associated
with the plasmoid. Simultaneously with this development,
earthward thermal fluxes also become large at X � �10 RE.
These fluxes may relate to the dipolarization process or may
be generated at larger distances. A few of these earthward
thermal fluxes for intense substorms are very large, much
larger than the upper limit of Figure 11. Both tailward and
earthward thermal fluxes after onset may be larger for
intense substorms than for weak substorms.

4. Discussion

[28] The statistical results shown in the present paper
demonstrate that the southward magnetic field associated
with the plasmoid and the TCR dominates tailward of X �
�17 RE and X � �23 RE for intense and weak substorms,

Figure 6. Sequential plot of the X-directional profile of the
north-south magnetic field (Bz) in the PS and PSBL of X �
�5 RE and �3 � Y � 12 RE in the same format as Figure 3.
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respectively. Also, the first total pressure decrease, which is
related to the magnetic reconnection, tends to occur closer
to the Earth for intense substorms than for weak substorms,
i.e., at X � �14 RE and X � �20 RE for intense and weak
substorms, respectively. Fast tailward flows associated with
plasmoids are hardly observed earthward of X � �20 RE.
This is probably because the very thin plasma sheet extends
from the near-Earth tail to X � �20 RE, so that it can be
easy to miss the fast flows earthward of X � �20 RE. On the
basis of the observational results of the southward magnetic
field and the total pressure, we conclude that the location of
the first energy release, or the magnetic reconnection site at
onset, is closer to the Earth for intense substorms than for
weak substorms, i.e., at X � �14 to �17 RE for intense
substorms, and at X � �20 to �23 RE for weak substorms.
[29] The onset latitude in the ionosphere depends on

the substorm intensity, as noted in the Introduction. The
location of the initial brightening maps to the near-Earth
magnetosphere, �6–10 RE [e.g., Samson et al., 1992],
which corresponds to the dipolarization region at onset.
That is, the location of the first dipolarization is expected to
depend directly on the substorm intensity. Here it should be
noted that the dependence of the dipolarization region
cannot be observed by Geotail, since it does not cover the
region near geosynchronous orbit due to the spacecraft’s
perigee, �9 RE. On the other hand, the magnetic reconnec-
tion site does not map to the initial brightening, but the
location of the magnetic reconnection site also varies
according to the substorm intensity, as shown in the present
study.
[30] The magnetotail variations associated with expansion

onset were shown not to differ morphologically between
intense and weak substorms, although the absolute values
and the deviations of the parameters tend to be larger for
intense substorms. The timing of the beginning of the
substorm-associated variation also seems to be common in
2 min time resolution between the two groups. The timing is
expected to depend on the substorm intensity, since the

location of the magnetic reconnection site differs by several
RE between intense and weak substorms. That is, the
propagation time of the information on the magnetic recon-
nection occurrence to the ionosphere can be shorter for
intense substorms than for weak substorms. The difference
in the propagation time between the two groups, however,
may be so slight that it is smeared out in the 2 min
resolution.
[31] As shown in Figure 6, the radial gradient of Bz

becomes very small at X � �17 RE and X � �22 RE for
intense and weak substorms, respectively. This implies
that the magnetic field lines are more stretched and the
thin current sheet develops more efficiently for intense
substorms. The thin current sheet may extend from the
near-Earth tail to these regions. From our results, these
regions roughly agree with the possible location of
the magnetic reconnection site. This is consistent with the
results of Asano et al. [2004], who proposed that the
magnetic reconnection occurs near the tailward edge of
the thin current sheet. As discussed by Miyashita et al.
[2003b], the effects of the northward Bz and the asymmetry
in the X direction on the magnetic reconnection may be
important to understand the substorm triggering mechanism.
[32] The absolute values of the total pressure and the

Poynting flux toward the PS in the lobe increase with
decreasing distance from the Earth. These values at X �
�10 RE are larger for intense substorms than for weak
substorms, while those in the midtail region do not differ
very much between the two groups. The enhancement of the
Poynting flux toward the PS and the decrease in the total
pressure at expansion onset are more pronounced at X �
�10 RE in intense substorms, while these variations in the
midtail region do not depend very much on the substorm
intensity. From these results, it is understood that significant
portions of the energy required for a substorm are accumu-
lated in the near-Earth region rather than in the midtail
region, probably being subsequently dissipated by the
process of the current disruption or the dipolarization

Figure 7. Results of the superposed epoch analysis in 4 RE bins in X for the normalized total pressure
deviations (DPt/Pt) in the PS, PSBL, and lobe of �3 � Y � 12 RE for (top) intense and (bottom) weak
substorms. The deviation DPt was defined for each event as DPt(t) = Pt(t) � Pt(t = �11 � �7 min). In
each panel the center of the bin is shown at the top. The thick line indicates the average, whereas the top
(bottom) thin line indicates the sum (difference) of the average and the standard deviation.
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triggered by the magnetic reconnection, and naturally that
the amount of the energy is larger for intense substorms than
for weak substorms.
[33] One of the unsolved issues is why a substorm can

grow intense or what determines the substorm intensity.
From our results of the total pressure and the Poynting flux,
we propose that energy input and output is one of the
controlling factors in the substorm intensity. That is, more
energy is provided and stored mainly in the near-Earth
region and is subsequently released at expansion onset in
more intense substorms. Miyashita et al. [2003a] showed
that the total pressure has a larger decrease in intense
substorms, although they examined mainly events that were

observed tailward of the magnetic reconnection site.
Another controlling factor can be continuous solar wind
input after the expansion onset [Pulkkinen et al., 1998;
Kallio et al., 2000]. Furthermore, a longer duration of the
expansion phase may result in a more intense substorm,
even if a rate of energy release is not very high.
[34] On the other hand, it is of course important to

understand properly what conditions are required for the
substorm triggering. Regardless of the substorm intensity,
some substorms seem to occur even in the course of energy
accumulation in the magnetotail, while some other sub-
storms do not seem to be triggered effectively in spite of
continuous energy accumulation. Conditions other than the
amount of stored energy in the magnetotail can be necessary

Figure 8. Sequential plot of the X-directional profile of the
normalized total pressure deviation (DPt/Pt) in the PS,
PSBL, and lobe of X � �5 RE and �3 � Y � 12 RE in the
same format as Figure 3.

Figure 9. Sequential plot of the X-directional profile of the
total pressure (Pt) in the PS, PSBL, and lobe of X � �5 RE

and �3 � Y � 12 RE in the same format as Figure 3.
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for the substorm triggering, but this problem is an open
question.
[35] We did not classify the substorm events according

to storm time or nonstorm time in the present study.
Baumjohann et al. [1996] speculated from their analysis
of AMPTE IRM data at 10 < R < 19 RE that storm time and
nonstorm time substorms are caused by different mecha-
nisms. McPherron and Hsu [2002] suggested, however,
from ISEE 2 data at R < 23 RE that both types of substorms
are caused by the same mechanism. In our preliminary
study, we have divided our substorm events into storm time
and nonstorm time substorms. We found that there is no

qualitative difference between storm time and nonstorm
time substorms in terms of the occurrence of the magnetic
reconnection and the dipolarization in the magnetotail,
suggesting that both substorms are caused by the same
mechanism. This result will be reported in a future paper.

5. Conclusions

[36] Using Geotail data, we statistically studied the dif-
ference in substorm-associated variations in the magnetotail
between intense and weak substorms. For intense sub-
storms, the regime of the southward magnetic field associ-
ated with the plasmoid was shown to extend closer to the

Figure 10. Sequential plot of the X-directional profile of
the Z component of the Poynting flux in the lobe and PSBL
of X � �5 RE and �3 � Y � 12 RE in the same format as
Figure 3. The positive (negative) component is directed
toward the PS (lobe).

Figure 11. Sequential plot of the X-directional profile of
the X component of the thermal flux in the PS and PSBL of
X � �5 RE and �3 � Y � 12 RE in the same format as
Figure 3.
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Earth. The first indication of the total pressure decrease also
occurs closer to the Earth. These results suggest that the
magnetic reconnection site at onset is located closer to the
Earth in intense substorms. This tendency is consistent with
the latitudinal dependence of the onset location in the
ionosphere. Also, magnetic field lines during the growth
phase especially earthward of the magnetic reconnection
site are more stretched in intense substorms than in weak
substorms. The magnetic reconnection seems to occur near
the region where the radial gradient of the northward
magnetic field becomes small. The dipolarization at X �
�10 RE is more significant in intense substorms. Further-
more, the Poynting flux toward the plasma sheet in the
lobe and the total pressure in the growth and expansion
phases are larger at X � �10 RE than at larger distances,
and they are larger during intense substorms than during
weak substorms. During the expansion phase, the Poynting
flux is more enhanced, and the total pressure decrease is
more pronounced at X � �10 RE in intense substorms.
These results suggest that more energy is accumulated
and subsequently dissipated in the near-Earth magnetotail
at X � �10 RE for intense substorms.
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