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Abstract. We investigated the temporal and spatial develop-the Earth are enhanced through flow braking around 4 min
ment of the near-Earth magnetotail during substorms basetlefore the substorm onset. These flows induce a ballooning
on multi-dimensional superposed-epoch analysis of Geotailnstability or other instabilities, causing the observed current
data. The start time of the auroral break-up(Q) of each  disruption. The formation of the magnetic neutral line is a
substorm was determined from auroral data obtained by th@atural consequence of the present model, because the relax-
Polar and IMAGE spacecraft. The key parameters derivedation of a highly stretched catapult current-sheet produces a
from the plasma, magnetic-field, and electric-field data fromvery thin current at its tailward edge being surrounded by in-
Geotail were sorted by their meridion®GSM)—Z (proxy) tense earthward and tailward magnetic fields which were for-
coordinates. merly the off-equatorial lobe magnetic fields. This location is

The results show that the Poynting flux toward the plasmathe boundary between a highly stressed catapult current sheet
sheet center starts at least 10 min before the substorm onsé&nhd a Harris-type current sheet characterized by little stress.
and is further enhanced at~—12 R (Earth radii) around In addition, the flows induced around the boundary toward
4 min before the onset. Simultaneously, large-amplitude flucihe current-sheet center may enhance the formation of the
tuations occurred, and earthward flows in the central plasmanagnetic neutral line and the efficiency of magnetic recon-
sheet betweeX~—11 Ry andX~—19Rr and a duskward nection. After magnetic reconnection is induced, it plays a
flow around X=—10R; were enhanced. The total pres- significantrole in driving the substorm.

sure starts to decrease aroukid—16Rx about 4min be-  av\yords. Magnetospheric physics (Magnetotail; Storms

fore the onset Qf the s_ubstorm. After the _substorm onset, aq substorms) — Space plasma physics (Nonlinear phenom-
notable dipolarization is observed and tailward flows com- 4,

mence, characterised by southward magnetic fields in the
form of a plasmoid.

We confirm various observable-parameter variations based
on or predicted by the relevant substorm models; howeverl Introduction
none of these can explain our results perfectly. Therefore, we
propose a catapult (slingshot) current-sheet relaxation modeNumerous studies have sought to understand substorms (e.g.
in which an earthward convective flow produced by catapultAkasofu, 1964; Russell and McPherron, 1973; Nishida,
current-sheet relaxation and a converted duskward flow neat978); however, no consensus has been reached regarding
the initial triggering mechanism.

One of the relevant substorm models, the near-Earth

Correspondence tdS. Machida neutral-line (NENL) model, explains the three phases of
BY

(machida@kugi.kyoto-u.ac.jp) a substorm. When the interplanetary magnetic field turns
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B xi (j+1) < Bxi () In a model that we tentatively call the plasma-sheet diver-
gence model, a reduction of plasma convection is predicted,
Bxi()=nkTi/®Bx(F /24 which follows a growth-phase period of enhanced convec-
¥l Waiih-Saifi Symmtey tion,_and causes a divergencc_a of plasma-sheet particles driven
—j by diamagnetic drift and leading to a flux-tube content reduc-
<Q> = LQG)/N, tion. This region is expected to be the current-disruption re-
gion, and the substorm is triggered by the reduction in plasma
convection (Lyons et al., 2003).

Another relevant substorm model is the thermal catastro-
phe model (Smith et al., 1986), in which A#wic turbu-
lent waves propagate toward the central plasma sheet (CPS).
Their subsequent conversion into kinetic Adfvwaves and
absorption of the wave energy by particles induces catas-
9 1 20 f-31 trophic changes in the plasma-sheet conditions, resulting in

-10 X -30 substorms. In another possible model, a Kelvin-Helmholtz

(Re) . - :

instability grows between the tailward magnetosheath and

earthward flows in the plasma-sheet boundary layer (PSBL)

on the flank of the magnetotail, contributing to the onset of

the substorm. This model is called the boundary-layer model
%Rostoker and Eastman, 1987).

In the magnetosphere-ionosphere (M-1) coupling model

=

Fig. 1. Schematic illustration of the analysis method.

southward, the dayside reconnection is enhanced and th

growth phase starts. The transport of magnetic flux into the(Kan et al., 1988), the substorm is triggered by upward

tail lobe intensifies the cross-tail current and causes plasmaf'ield-aligned current enhancements due to M-I coupling in

sheet thinning during this phase. The expansion phase is i o midnight sector near the poleward boundary of a high-

duced by the formation of the NENL, and subsequent earth'(:onductance belt associated with diffuse auroral precipita-

ward flows dqe t9 magnetlc recqnneqtlon trans_,port the north'tion. The necessary conditions in this model are that the
ward magnetic field lines, causing dipolarization and an in-

jection of energized patrticles into the inner magnetos herepolar-cap potential must exceed a certain value (about 70 kV)
J gized p . gnetosp and the convection-reversal region must overlap with the
In the downtail region, the fast tailward flows consist of a

plasmoid. The NENL resides in the near-Earth tail until the poleward gradient of the diffuse auroral conductance in the

recovery phase starts. The plasma sheet is thickened in a(i:gnosphere In the midnight sector. The substorm subsides
y pn S p . .~ when one of these two necessary conditions is no longer sat-
cordance with the neutral line’s retreat to the downtail region.

) ) isfied.
in the recovery phase (Hones, 1976; Baker et al., 1996). To assess the validity of these models, we performed a

On the other hand, the current-disruption model (Chao elristical study using Geotail data, one of the best available

al., 1977; Lui et al., 1990; Lui, 1996) predicts that the dis- yatasets to date for the study of the magnetotail in the region
ruption of the cross-tail current begins at a distance®R g covering—10> X (Rg)> —30.

(Earth radii) in the pre-midnight magnetosphere and the cur-

rent starts to flow into the ionosphere, thus initiating the sub-

storm. The disruption of the current can account for particlez  Method of analysis

injection and energizing by convection surges of the inner

magnetosphere. A rarefaction wave is launched from therhe Geotail data employed in this study include ion-velocity-

current-disruption region, accompanying the plasma-sheetnoment data from the Low Energy Particle instrument (LEP)

thinning and southward dipping of the magnetic field in the (Mukai et al., 1994), magnetic-field data from the Magnetic

mid-tail region. Magnetic reconnection starts when this rar-Field instrument (MGF) (Kokubun et al., 1994), and electric-

efaction wave propagates down Xo~—20Rg and induces  field data from the Electric Field Detector (EFD) (Tsuruda et

the formation of the magnetic neutral line. al., 1994), all with a time resolution of 12s. To determine
In a similar scenario to this latter model, a ballooning- the onset time of substorms with auroral break-up, we used

instability model has been proposed, in which a ballooningthe data from the Ultraviolet Imager (UVI) (Torr et al., 1995)

instability (Roux et al., 1991; Miura et al., 1989; Cheng and the Far Ultraviolet Imager (FUV) (Mende et al., 2000)

and Lui, 1998) is responsible for the explosive conversionon the Polar and IMAGE spacecraft, respectively.

of magnetic-field energy into the kinetic energy of the parti- We selected events detected when Geotail was located in

cles. The excited surface waves propagate westward with ththe region—9>X (Rg)>—31 and—3<Y (Rg)<8, in GSM

drifting ions. This disturbed region in the equatorial magne-(Geocentric Solar Magnetospheric) coordinates, and dis-

tosphere can be mapped to the ionosphere as a form of theibuted them evenly into columns betweerlORg and

westward-traveling surge. —30Rg, with a width of 2Ry (see Fig. 1). The numbers
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Fig. 2. Results of the analysis{a) earthward flow velocity ¥y), (b) duskward flow velocity ¥y), (c) northward magnetic fieldR;),
(d) deviation of the northward magnetic field 8;), (e) deviation of the total pressure@;), (f) duskward electric field£y), (g) DC
Poynting flux toward plasma-sheet centgp4y ), (h) rms value of the magnetic fieldBfms), (i) rms value of the electric fieldfms).

of events assigned to the different columns are 30, 28, 16the total number of events considered is 234. We set the time
12, 14, 13, 16, 16, 25, 22, and 42, from the earthward to thevindow at 2 min, so that each event consists of 10 datasets
tailward direction; i.e., fromX=—9 Rg to —31Rg. Thus, because of the sampling time of 12s. Approximately 2300

www.ann-geophys.net/27/1035/2009/ Ann. Geophys., 27, 1IR85-2009
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Fig. 2. Continued.

datasets were used to infer the spatial structure in specifi@ Results
2min intervals.

In each column, we sorted the data assuming that eventgve performed a series of superposed-epoch analyses using
with higher values of the parametés,=nkT;/(B2/2,.0) were  Geotail data to determine which model can explain the ac-
located nearer the plasma-sheet center, whetg, By, k,  tual substorms that occur in the real world. Our previous
and .o are the ion number density and temperature,Xhe studies (Machida et al., 1999; Miyashita et al., 1999, 2000,
component of the magnetic field, Boltzmann’s constant, an2003) mainly focused on substorm structural changes in the
the magnetic permeability of free space, respectively. Nextx-y plane (i.e. the equatorial projection of the near-Earth
we separated the data into seven bins aligned along the GSkhagnetotail). Recently, a further study was performed by
Z direction for each column. We then obtained the aver-Miyashita et al. (2009) following this concept. In this study,
age values for various parameters to determine the spatialbe obtained variations in the meridion&Z plane based
structure in different time intervals. We assumed north—soutlon multi-dimensional superposed-epoch analysis (Machida
symmetry and combined the data in the northern and southet al., 2000), and found further detailed variations that com-
ern magnetotails, regardless of the sigrBef plement our previous results.

In an ordinary superposed-epoch analysis, a given param- Figure 2a shows the earthward flow velocit, consist-
eter is plotted as a function of time, starting from a specificing of both parallel and perpendicular components with re-
common event at=0. In contrast, we show variations for a gpect to the magnetic field. The earthward flow in the PSBL,
given parameter in the two-dimension&{GSM)—-Z(proxy)  possibly originating from the distant neutral line (DNL), had
plane as a function of time. One parameter is shown as @ready been present (Rostoker and Eastman, 1987) from
function of three parameter&'(GSM), Z(proxy), and:. For  t=_gmin, which corresponds to the late substorm-growth
this reason, we refer to our method as a multi-dimensionabhase. The presence of an earthward PSBL flow is consis-
superposed-epoch analysis. tent with both the boundary-layer (Rostoker and Eastman,

An advantage of our method compared with those that take| 9g7) and the NENL models (Hones, 1976; Baker et al.,
Bix as the ordinate is that it provides information regarding 1996). There exists another earthward flow in the CPS, be-
the scale length (thickness) in tiedirection, since the prob-  weenx=—15R; and—25Rg, which is essentially a busty
ability of encountering a particular structure is approximately pik flow (Baumjohann et al., 1990; Angelopoulos et al.,
proportional to its thickness. 1992; Slavin et al., 1997). The location of the intense flow

moves earthward ok~—20Rg at r=—4 min and tailward
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after the onset of the substorm. The velocity of the earth-topology (e.g. Nakabayashi and Machida, 1997; Fujimoto
ward flow reduces inside of~—13Rg. This corresponds and Machida, 2007).

to flow braking (Shiokawa et al., 1997) caused by the en- The variation of the northward magnetic fiel®;, is
counter of the fast flow with the high-pressure region on theshown Fig. 2c. The value aB; is large in the near-Earth
near-Earth side; the plasma starts to flow around the dawmegion due to the contribution from the Earth’s dipole field.
and dusk sides at this location, as will be shown below. The other notable feature is thBt becomes negative in the

A notable tailward flow in the downtail ak=—20R;  Off-equatorial region ak <—17R; the region of negative
starts atr=0, consistent with a recent tailward-flow study B:expands overtime. To quantify the variationp, we ob-
(leda et al., 2008). This tailward flow grows into a well- tainedA B, i.e. the deviation of the northward magnetic-field
developed plasmoid (Birn and Hesse, 1991; Machida et al.component from the average value in the time interval from
1994; leda et al., 1998) in the downtail region. 1=—12 t0r=—-10min, AB;=<B (1=1 to r+1min)>—<B,

The NENL is located around=—20Rj, the exact posi-  (—12 t0—10min)>. The result is shown in Fig. 2d. A no-
tion of which may differ somewhat from event to event. As table characteristic of this panel is that the region represented

a result, the earthward flows can be observeliat 20 R in red, which corresponds to an increase in the northward

when the NENL is formed in the tailward §£—20Rz, and ~ Mmagnetic field, first appears on the lobesideXat-10Rp,

the tailward flows can be observed when the NENL is formeg@nd this variation expands toward the plasma-sheet center as
in the earthward of\=—20R;. Therefore the latitudinal well as in the tailward direction as time progresses. The in-
structure appearing ifi, plot of Fig. 2a has to be considered Créase inB; well beforer=0 on the earthward side is thought
carefully. Namely, the simultaneous appearance of tailward® € due to the accumulation of magnetic-field lines con-

flows in the plasma sheet center and earthward flows in th&/€cted from the lobeside, and the increase around and after
higher latitude at around&=—22 Ry after /=1 min is not a t=0 is related to d|polar|za_1t|on (N_agal, 1982). Other groups
real picture of single substorm event. We think that this re-Of B increases are associated with earthward CPS flows be-

flects that the values g, for the tailward flows are higher WeenX=—13Rg and X=—20Rg (Shue et al.,, 2008). At
than those for the earthward flows. the same time, regions characterized by negatige values,

The earthward flows occurring before the substorm onsef howing a southward increase in the magnetic field, are also
are anticipated by the NENL model; however, the tailward present, exhibiting two traces extending from the lower-left

flows develop after=0, which is in conflict with the pre- tothe upper-right direction in the region betwegn—11 R

. . and X=—21Rg and fromX=—25Rg to X=—31Rg. The
dictions from the NENL model. Instead, tailward flows are ) E . E E
) . location of the upper-right edge of the former expands to-
expected to develop a few minutes earlier than the substorm .
. ward the plasma-sheet center and merges with the latter at
onset, at the same time as the earthward flows.

i t=—3min. The southward increase in the magnetic field fur-
Also, the location of earthward CPS flows advances earthyp, o, develops over time in the region tailwardXot—20 R ;.

ward before the onset, and it retreats tailward after the onsetrpis region correlates with the initial plasmoid position and
This character has not been predicted by any existing models grrounding regions. Those variations are compatible

of substorm. with the predictions of the NENL (Hones, 1976; Baker et al.,
Figure 2b shows the duskward flow velocity,. Inthis  1996) and the current-disruption models (Chao et al., 1977;
study, we restricted the region in the dawn-to—dusk direc_yj et al., 1990; Lui, 1996).
tion to —3<Y (Rg)<8. Therefore, duskward flows domi-  Figure 2e shows the deviation of the total pressure (i.e.
nate the dawnward flows in the regier@>X (Rg)>—13  the sum of the plasma and magnetic pressures) from the
(see Fig. 2b), consistent with the result obtained by Pateraverage value fromr=—12 to —10min, AP,=<P, (-
son et al. (1998). This flow is enhancedrat-3min and 1 to r+1min)>—<P, (—12 to —10min)>. The total
quenched at=4 min. It seems that this duskward flow is an pressure enhancement first appears in the lobe region at
extension of the earthward flow in the CPS, turning its flow —15> X (Rz)>—19 and in the CPS at20>X (Rg)>—28.
vector duskward by means of a flow-braking process. Theserhe region of total pressure decrease (i.e. the rarefaction
flows appear to be closely related to the substorm onset. Beregion) first seems to appear in the plasma sheet around
fore the onset, relatively intense duskward flows can also bex=—16 R atr=—4 min, and then propagates both earthward
found on the earthward and plasma-sheet sides of the PSBhnd tailward along the lobes, consistent with the recent re-
flows in the region-21> X (Rg)>—27. sult obtained by Miyashita et al. (2009). It is not necessarily
Intense duskward flows are also present aroundclear, but magnetic reconnection seems to occur when the
X=—18Rg from r=—6min. After r=1min, this region rarefaction region reaches~—20Rg. This resembles the
expands tailward, and the duskward flow in the current sheetariation predicted by the current-disruption model (Chao et
connects to both the earthward and tailward components oél., 1977; Lui et al., 1990; Lui, 1996), although the rarefac-
the NENL. Dawnward flows also appear on the lobeside oftion region starts around=—8 R in this model and it prop-
the downtail at~—17 Rg. This can be a cold-ion drift, and agates down t&~—20 R, where it proceeds to trigger the
is found near the separatrix of the magnetic reconnectiormagnetic reconnection.

www.ann-geophys.net/27/1035/2009/ Ann. Geophys., 27, 1IR85-2009
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The variation in the duskward electric field,, is shown  current waves are assumed in that model, but the DC com-
in Fig. 2f. Some enhancement of this parameter can bgonentis plotted in Fig. 2g. The enhancemenkgs, . after
found in the upper-left corner (i.e. in the earthward lobe =0 in the X <—20 R region is caused by magnetic recon-
at X~—10Rg) and in the region arounX=—24Rp at nection.
t=—6min. The former variation is further enhanced at Figure 2h showsBys, the root-mean-square (rms) value
X~—12Rg atr=—4 min, and the enhancement expands tail- of the magnetic-field deviation from the average value us-
ward and also to the plasma-sheet center, while the latteing 1/16 s sampling once every 12s. This parameter shows
variation seems to be quenched once just before the substorthe magnetic-field intensity of low-frequency electromag-
onset. Notable enhancements appear tailwai-of-20 Rg netic waves in the 0.17 to 8Hz range. At—6min, this
just after the onset, which is thought to be the result of mag-parameter is enhanced in two distinct regions in the near-
netic reconnection. However, based on the NENL modelEarth zone, at-10> X (Rg)>—16. One of these regions is
(Hones, 1976; Baker et al., 1996), we expect an enhancemetcated on the lobeside and the other near the plasma-sheet
of the duskward electric field before the substorm onset, poseenter. Intense wave activity on the lobeside is related to the
sibly atr=—4min atX~—20Rg. This characteristic is not enhanced Poynting flux toward the plasma-sheet center. On
necessarily evident in our data. the other hand, the enhanced Poynting flux in the correspond-

If we compare Fig. 2f with Fig. 2a, we find that the re- ing region located near the CPS is related to thermal fluctua-
gion of the duskward electric field at—6 min at high lat-  tions in the high-beta plasma sheet and also to the excitation
itudes nealX=—23 R is located just below the PSBL flow of unstable waves associated with either an intensification of
from the DNL. The exact mechanism remains unclear, butthe cross-tail current or a high-speed flow. The laBggs re-
observations suggest that the plasma is convected towargion near the plasma-sheet center is centeréthat 16 Rg
the plasma-sheet center. At the same time, the plasma laat z=—4 min. This active region extends t6=—21Rg at
cated earthward of that position drifts upward (away from ther=0 and extends further down 8=—31 Ry att=1 min. Be-
plasma-sheet center), where we find a weak dawnward elecrond X=—21 R, large electromagnetic fluctuations are only
tric field from r=—3 min tor=—1 min, corresponding to this found in the CPS region, likely associated with the tailward
drift. In the region betweel=—9 Rg and—15Rg, we also  flow of the plasmoid. Thus, the region characterised by large
find a strong duskward electric field, which may be related toelectromagnetic fluctuations extends from the earthward side
both the penetration of the Poynting flux from the lobesideto the downtail region as time progresses. Although the lo-
and the dipolarization. After=0, the duskward electric field cation of the intense waves is different from the original pro-
is widely enhanced downtail df=—20Rg, which is related  posal, the wave-turbulence character resembles the situation
to magnetic reconnection. Interestingly, the duskward elecpredicted by the current-disruption model (Lui et al., 2006).

tric field aroundX=—20 R is not enhanced, even after0, A similar rms value of the electric-field variations from
when magnetic reconnection starts and the NENL is formedhe average value with 1/32s sampling for every 12s,
around this region. Eims, is shown in Fig. 2i. Again, this parameter repre-

Figure 2g shows the Poynting flux of the direct-current sents the electric-field intensity of the low-frequency waves.
(DC) component, using 1/12 Hz cut-off frequency electric There exist four distinct regions of strong wave intensity:
and magnetic fields toward the plasma-sheet ceifitgy,., the near-Earth lobe at9>X (Rg)>—18, the near-Earth
the direction of which is vertically downward in each panel. plasma-sheet centeraB> X (Rg)>—15, the region around
There is a clear enhancement of this parameter aroun&~—22Rpg, and the plasma sheet a25>X (Rg)>—31.
X~—10Rg atr=—6 min, from which the region of enhanced The third region is close to the location where the NENL
Fpoy; Propagates tailward. A notable enhancement arounds formed. Further, the waves found in the fourth region are
X=—12Rp att=—4min was also found, related to the in- less intense and enhanced after the onset, and they seem to
tensification ofE,. A comparison of Fig. 2g with Fig. 2d  be related to the tailward flows produced by magnetic recon-
reveals that theA B, <0 region is located on the CPS side nection.
and downtail of the enhancefds,,, region. The negative To characterise the variations in the different regions more
variation in B, is caused by magnetic-field bending toward quantitatively, we calculated several key parameters that
the plasma-sheet center associated with the enhancement dfaracterise the magnetotail variations immediately before
the DC Poynting flux or, equivalently, plasma convection and after the substorm onset (see Fig. 3). Figure 3a shows
toward the plasma-sheet center. This signature is also arthe time variations of",,,. in region | (-9>X (Rg)>—19;
ticipated as a variation associated with plasma-sheet thind<Z/AZ<7) and AP, in region IV (—13>X (Rg)>—17,;
ning (Akasofu, 1977; Lui et al., 1977), which is predicted 0<Z/AZ<2), the locations of which are defined in Fig. 4.
by both the NENL (Hones, 1976; Baker et al., 1996) andHere, AZ is the spatial width of the bin in th& direc-
current-disruption models (Chao et al., 1977; Lui et al.,tion, which is about 0.8&®; because th& coordinate of
1990; Lui, 1996). The Poynting-flux enhancement is, in athe Geotail locations in the GSM coordinate system is dis-
sense, analogous to the necessary conditions for the thermatkibuted throughout the range from approximatel§ Ry to
catastrophe model (Smith et al., 1986); Ahic alternating- +6 Rg, according to the Tsyganenko and Fairfield model

Ann. Geophys., 27, 1033046 2009 www.ann-geophys.net/27/1035/2009/
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Fig. 3. Time variations of the relevant paramete(@) A P; in region IV andF .y in region I,(b) B in regions Il and l11(c) Vy in regions V,
VI, and VII, (d) B; in regions V, VI, and VII.

(Tsyganenko and Fairfield, 2004).

There is already an increase in Poynting flux toward the
plasma-sheet center at—10min, but it is enhanced at I
t=—4min. In contrast, the total pressurg,, starts to de-
crease at=—4min, although there is a slight increase from Z — ]
t=—1min to 5min. Both curves show an approximate anti- Vi
correlation with each other.

Figure 3b shows the time variations of the north- -97T -20 Vi T-31
ward magnetic-field component,B;, in region |l -10 X (R -30
(-9>X (Rg)>—11; 4<ZIAZ<7) and region I (Re)

(—13>X (Rg)>—21; 2<ZIAZ<6) of Fig. 4. As it is
associated with the enhancement Bf,,,, B, increases
due to the accumulation of the magnetic fields in region Il
throughout the time interval shown in Fig. 3b, except aroundrnere exists an enhancement of the earthward flows in
t=—1min where a decrease is seen. On the other hand, thﬁegion V from around=—>5 min, with a peak of 190 knTg
decrease due to magnetic-field bending can be found at thg; ;=1 mjn: they then quench for short time intervals until
beginning, and continues unt#—1min, from which time  they start recovering from=4 min. The earthward flows
B increases in region lIl. in region VI seem to be enhancedsa2 min, with a peak
The temporal variations in earthward flow velocity, of 80kms™ atr=2min. The variation inV, in region Vil
Vi, in regions V (15>X (Rg)>—-19; 0<Z/AZ<?2), indicates a slow earthward flow unti—1 min, upon which
VI (=9>X (Rg)>-11; 0<Z/IAZ<4), and VI it changes into a tailward flow with a maximum flow speed
(—21>X (Rg)>—29; 0<Z/AZ<1) are shown in Fig. 3c. of —340kms! ats=7 min.

Fig. 4. Definition of the selected regions shown in Fig. 3.
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Catapult (Slingshot)

Current Sheet Poynting Flux Enhancement toward CPS

Relaxation Model
B-Field Bending

{(ABz<0)
Earthward/Duskward CPS Flows

B-Field Accumulation
(ABz>0)

v

Auroral Onset | Current Disruption
(t=0) f Dipolarization

(ABz>0)

Magnetic Reconnection

Fig. 5. Conceptual illustration of the catapult (slingshot) current-sheet relaxation model.

The variations inB, in the same regions (i.e. V, VI, and  We used the time when auroral break-up occurred as atime
VII) are shown in Fig. 3d. The gradual increase Bf in mark in applying our multi-dimensional superposed-epoch
region V seems to start at—4 min, with a spiky peak at analysis. Evidently, auroral break-up is directly related to en-
t=1min. A rapid increase iB,, most likely related to dipo- hancements of the M-I coupling. Both our study and the M-I
larization, is seen in the curve of region VI. In contrast, the coupling model (Kan et al., 1988) share this notable variation
value of B, in region VII starts to decrease at2min and  in the aurora at the time of the substorm onset; however, if
it becomes negative (i.e. the magnetic-field direction turnsenhancements of the M-I coupling indeed trigger substorms,
southward for a short time from 4 min to 7 min after the sub- other distinct variations (e.g. the dipolarization or magnetic
storm onset), after which it recovers. We believe that thereconnection) must be delayed relative to the time of auro-
tailward flow starting at=—1 min is created by magnetic re- ral break-up. Such a signature is different from our result, in
connection, and that it accompanies the southward magnetiahich those three variations occur almost simultaneously.
field (B, <0), but the magnitude oB, is minus several nT,
the effect of which is smeared out by large positRefields , :
associated with the pre-existing plasma sheet, until the regioff  Discussion
is predominantly occupied by tailward flows due to magnetic
reconnection.

The boundary inside and outside of which the duskward

We confirmed the evidence or events predicted by each of

the substorm models considered. By scrutinizing our results,

. . e found that an enhancement of the Poynting flux toward

and earthward plasma flows dominate is located aroun .

X=—13R. As explained above, we relate this boundary he plasma-sheet center starts at least 10 min before the sub-
j : torm onset; itis further enhancedét—12 R about 4 min

to flow braking. It is also possible that these flows are relateci . ) :
9 P efore the onset. Simultaneously, large-amplitude magnetic

to the flows that play a significant role in the plasma.'Sh?et.dl_fluctuations occurred, while earthward flows in the CPS be-
vergence model. The total pressure decrease, which is Slm‘:-

lar to the flux-tube content reduction predicted by that model, weenX~_—11RE and X~—19 Ry and the duskward flow
) . . . aroundX=—10Rg were enhanced. The total pressure starts
first occurs atX~—16 Rg in our data. This location seems _ - X

. . i . to decrease around=—16 Rg atr=—4 min.
to be slightly tailward compared with the location expected The enhancement iff the earthward flow/. in the
based on the plasma-sheet divergence model, which predicEPS the duskward fIO\AI;Oinr; the near-Earth re i(;n and the
that the reduction in plasma convection and subsequent flux=" ™" Y g

tube content reduction occur in the current-disruption region,magnetlc fluctuatiomyms, and the decrease & all seem to
: start atr~—4 min. Therefore, it is difficult to reach a defi-
generally considered to be #~—8 R .

nite conclusion regarding their causal relationship; however,
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[min] log{gix) [mnin] log(gi)

2 2

—05 —05

Fig. Al. Result of the analysis applied to the parametef$;, and(b) 8;.

these are the variations found to start before dipolarizatiorward due to the domination of the earthwardB force over
and magnetic reconnection occur. In addition, as can be seethe tailward pressure-gradient force.

in the panels showin@, and AB,, the dipolarization, and
the northward increase @, associated with the earthward
convective flow are separate processes (Shue et al., 2008(
Meanwhile, the variations ik, F,y., and Byms propagate
from the earthward to the tailward side, and magnetic recon
nection starts when these variations rexch—20 Rg.

Around the edge of the stretched dipole field, the flux tubes
fthe catapult current sheet and the surrounding flux tubes on
e lobeside move relative to each other (Fig. 5). As a result,
the surrounding flux tubes move toward the plasma-sheet

center to fill the rarefied region forming a very thin current-
sheet located at the center of intense earthward and tailward
magnetic fields which were formerly the off-equatorial lobe

The region aroundX~—20Rg is the transition region g ) ) : )
from the highly stretched, highly stressed dipole field (a cat-magnetic fields. It is entirely possible that this boundary de-
velops into the magnetic neutral line and that magnetic re-

apult/slingshot current sheet) to the anti-parallel Harris-type .
magnetic field (Harris, 1962), characterized by less stress. ifonnection starts as a consequence.

the cross-tail current in the catapult current sheet is strength- The major difference between our model and the NENL
ened by the enhancement in the Poynting flux toward themodel is that magnetic reconnection is the result of cata-
plasma-sheet center, the catapult current sheet moves eartpult current-sheet relaxation; the earthward flow due to the

www.ann-geophys.net/27/1035/2009/ Ann. Geophys., 27, 1IR85-2009
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catapult current-sheet relaxation process precedes the earthre some random variations in that direction in bothghe
ward and tailward flows associated with magnetic recon-andg; plots.

nection. Therefore, the relaxation of the highly stretched

dipo'e field line is a key to understanding the substorm On_ACknOWIedgementSNe wish to thank S. Kokubun and T. Nagai for
set. For this reason, we call this scheme the catapult (slingt-he Geotall MQF magnetic-'fiel_d data, K. Tsuruda and H. Hayakawa
shot) current-sheet relaxation model. Accordingly, it is nec_for the Geot_all EFD electric-field data, G. K. Parks for the Polar
essary to consider a different reconnection model that start VI auroral-imager data, and S. B. Mende and H. U. Frey for the

ith the Harri luti d also identifi h hani AGE FUV auroral-imager data. We thank T. Araki, Y. Kamide,
with the Harris solution and also identilies the mechanism tOD. Fairfield, M. Fujimoto, and the members of the World Data Cen-

merge magnetic fields at the magnetic neutral line. Anomasg for Geomagnetism, and the Solar-Planetary Electromagnetism

lous resistivity is certainly possible as an extension of largei aporatory at Kyoto University for helpful comments and discus-
magnetic-field fluctuations. We must also study the rolesjons.

played by electron inertia or electron-pressure stress. Topical Editor I. A. Daglis thanks two anonymous referees for
The region covered by the catapult current sheet actuallyheir help in evaluating this paper.

connects the current-disruption region arodwl-8 R and

the magnetic neutral line arourd=—20 R . Both locations

provide significant boundary conditions in considering the

behavior of the catapult current shegt. Atthe inner boundaryAkasofu, S.-l.: The development of the auroral substorm, Planet.

the earthward flow and the magnetic-flux transport from the  gpace sci, 12, 273-282, 1964.

catapult current sheet affects the plasma stability, and theykasofu, S.-1.: Physics of Magnetospheric Substorms, D. Reidel,

are responsible for the development of the current disrup- Dordrecht-Holland, 1977.

tion. In turn, the current disruption and the total pressureAngelopoulos, V., Baumjohann, W., Kennel, C. F., Coroniti, F.

decrease affect the behavior of the catapult current sheet. At V., Kivelson, M. G., Pellat, R., Walker, R. J., Luhr, H., and

the outer boundary, this flow triggers magnetic reconnection, Paschmann, G.: Bursty bulk flows in the inner central plasma

which also produces an earthward flow. In addition, flow Sheet, J. Geophys. Res., 97, 4027-4039, 1992.

braking around{~—13 Rz and the conversion of the plasma Baker, D. N., Pulkkinen, T. L., Angelopoulos, V., Baumjohann, W.,

flow into the duskward direction are key processes related to 2"d McPherron, R. L.: Neutral line model of substorms: Past

the transfer of the momentum and energy across that region results and present view, J. Geophys. Res. 101, 1297513010,

. . . . e ' 1996.
causing current disruption and dipolarization. These are als aumjohann, W., Paschmann, G., and Luhr, H.: Characteristics of

key processes in understanding the stability of the catapult pign_speed ion flows in the plasma sheet, J. Geophys. Res., 95,

current sheet. The initial total pressure decrease seems to be 3g01-3809, 1990.

closely related to the convective earthward flows. Birn, J. and Hesse, M.: Substorm features in MHD simulations
After starting magnetic reconnection arours®, this pro- of magnetotail dynamics, in: Magnetospheric Substorms, Geo-

cess plays a significant role by separating the magnetosphere phys. Monogra. Ser., vol. 64, edited by: Kan, J. R., Potemra, T.

into two parts: an inner region where current disruption, par- A., Kokubun, S., and lijima, T., p177, AGU, Washington, D.C.,

ticle acceleration, and M-I coupling are highly activated, and _ 1991. _

an outer region where a slow shock (Saito et al., 1995) and*a0: J- K., Kan, J. R., Lui, A. T. Y., and Akasofu, S.-I. A model

plasmoid (Machida et al., 1994 leda et al., 1998) are formed for thinning of the plasma sheet, Planet Space Sci., 25, 703-710,

d particl leration takes pl 1977.
and particie acceleration takes place. Cheng, C. Z. and Lui, A. T. Y.: Kinetic ballooning instabil-

ity for substorm onset and current disruption observed by
) AMPTE/CCE, Geophys. Res. Lett., 25, 4091-4094, 1998.

Appendix A Fujimoto, K. and Machida, S.: A generation mechanism of electro-

static waves and subsequent electron heating in the plasma sheet-
For clarification and to enable us to explore the relation- |obe boundary region during magnetic reconnection, J. Geophys.
ship between the parameters displayed and the values of Res., 111, A09216, d0i:10.1029/2005JA011542, 2006.
Bix=nKT;/(B%2u0) and ,3i:nkTi/((Bf+By2+Bzz)/2M0), we  Harris, E. G.: On a plasma sheath separating regions of oppositely
show the results of our ana|ysis app“ed Ao and ﬁi in directed magnetic field, Il Nuovo Cimento 23, 115-121, 1962.
Fig. A1. We confirm that the data with highgr, or 8; val- Hones Jr E. W The magnetotail: Its ggneration and.dissipa-
ues are located closer to the plasma-sheet center (midplane), ion. in: Physics of Solar Planetary Environments, edited by:
and that the structures i}, andg; are almost the same, ex- __ Villams, D. J., AGU, Washington, D.C., 559, 1976.

cept in the region around the midplane, where the values o*eda‘ A., Machida, S., Mukal, T., Safto, Y., Yamamoto, T., Nishida,
P 9 p L . ) A. Terasawa, T., and Kokubun, S.: Statistical analysis of the plas-
By, By, and B, are small and their ratio is variable, while

. - " . S moid evolution with Geotail observations, J. Geophys. Res., 103,
By is large and dominates in the lobe region, resulting in the 4453 4465, 1998.

same pattern in thg;, andg; plots. We also confirm that |eda, A., Fairfield, D. H., Slavin, J. A., Liou, K., Meng, C.-I.,
the distribution in theX direction is relatively uniform, re- Machida, S., Miyashita, Y., Mukai, T., Saito, Y., N@sM.., Shue,
flecting the basic structure of the magnetotail, although there J.-H., Parks, G. K., and Fillingim, M. O.: Longitudinal asso-
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